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STUDIES IN INORGANO-ORGANIC GELS IN PINENE 


Part I. Gels of Some Sodium Soaps in Pinene and their Cooling and 
Heating Curves 


By MATA PRASAD AND G. S. HATTIANGDI 
(Chemical Laboratories, Royal Institute of Science, Bombay) 


Received September 18, 1944 


THE importance of the study of cooling curves during the sol-gel transform- 
ation of organic gels has been stressed from time to time by 
several workers. Cooling curves for gelatin solutions were determined 
by Lottermoser and Matthes! and the results obtained were compared with 
the cooling curves for water so drawn that the course of cooling in the two 
cases is coincident in the earlier part. They find sharp changes of direc- 
tion in the cooling curves for gelatin solutions with respect to that for water 
and conclude that the heat content is smaller in the gel state than in the sol 
state. On plotting the temperature differences against the mean temperatures, 
they obtained curves which are irregular for low concentrations but become 
regular as the concentration of the gelatin is increased. Pleass? also studied 
the cooling curves of gelatin solutions and arrived at the same conclusion, 
namely, that heat is evolved on the setting of gelatin gels. Hollemann and 
co-workers® found that the heat changes in the solutions of gelatin in water 
are a function of temperature, and that at constant water content, lower- 
ing of temperature causes an evolution of heat over a certain range of 
temperature. They regard this quantity of heat which is evolved during 
the formation of gels as the heat of gelation. 


Fischer and Lawrence® have determined the cooling curves for solutions 
of various soaps in water-alcohol and nujol, respectively, and in all cases, 
they find a break in the curves at the point of setting in a direction which 
indicates that heat is evolved during the gelation of the soap solution. In 
the course of studies on cooling curves of gelating systems, Lederer® found 
that the evolution of heat on gelation is of the same order of magnitude as 
the heat of solvation for both hydro-sols and alco-sols of soaps. He also found 
that the temperature at which gelation begins is independent of the solvent. 


The only important reference in literature dealing with the heating 
curves of organic gels is the one due to Pleass.2 The heating curves 
relating to the gelatin gels are found to be very different from that for water. 
The nature of the curves suggests that the thermal conductivity is lower in the 
gels than in the sols and also that heat is absorbed on melting the gelatin gels. 
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Prasad and Mathur’? found that sodium oleate dissolves in pinene at a 
high temperature and the resulting solution sets to a gel on cooling; similar 


Temperature (°C,)—> 


110, 


Temperature (°C 


3 


“2 i6 
Tim e (mts.)—> 
Fic. 2, 


observations were made by Prasad and Vishvanath® in the case of the sodium 
and potassium soaps of oleic, stearic and palmitic acids. The present in- 


vestigation deals with the study of (i) the cooling curves of gel-forming solu- 


tions of sodium oleate and sodium stearate in pinene, and (ji) the heating 
curves of their gels. 
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Studies in Inorgano-Organic Gels in Pinene—I 


EXPERIMENTAL 


The sodium oleate and sodium stearate used were products of the B. D. 
House and Messrs. E. Merck & Co., respectively. The pinene used in the 
preparation of the gels was obtained from Messrs. Eastman Kodak & Co., 
and was the fraction distilling at 156°. 


For the preparation of the gels a known amount of the soap was taken 
in a test-tube and 10c.c. of pinene were added to it. The test-tube was 
then kept in an oil-bath maintained at about 140°, and a long condensing 
tube was attached to it to avoid any appreciable loss of pinene. The sys- 
tem in the tube was stirred constantly with a stirrer, and when the solution 
had attained the temperature of the bath and the soap had completely dis- 
solved, the test-tube was taken out and placed in a thermostat maintained 
at some constant low temperature. After some time it was observed that 
the solution had set to a gel. It was observed that these solutions do not 
set when they are allowed to cool at a temperature above 100°. 

For determining the cooling curves the test-tube containing the gel- 
forming solution was placed in an air-thermostat maintained at 35°. The 
fall in temperature of the system was read periodically on a thermometer 
dipping in the solution. Such readings were taken with gel-forming solu- 
tions containing different amounts of the two soaps and the results obtained 
are shown graphically in Figs. 1 and 2. To determine the heating curves 
solutions of either soap were prepared in pinene as described above and were 
allowed to gelate and ‘ stand’ in a thermostat maintained at 35°. The test- 
tube containing the gel was then placed in an oil-bath maintained at a con- 
stant high temperature (140°), and the rate of increase in the temperature 
was read on a thermometer dipping in the gel. The results obtained are 
shown graphically in Figs. 3 and 4. 


DISCUSSION OF RESULTS 


The cooling curves (Figs. 1 and 2) for solutions of the two soaps in pinene 
containing different amounts of the soaps are very similar in general charac- 
teristics; they have been so drawn that the course of cooling of the solutions 
coincides in the earlier part with that for pinene. These curves at once 
show that under the same conditions, pinene cools more rapidly than the 
gel-forming solutions of either soap in pinene, and that the higher the 
concentration of the soap the slower is the rate of cooling. 

The curves of all the soap solutions show definite arrests; the initial 
rate of cooling is followed by a change in direction of the curves which con- 
tinue regularly later on. The point of solidification of the system was 
recognisable by the appearance of a wavelike surface at the walls of the 
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test-tube; but to get definite results, the time of setting of these soap solu- 
tions was measured separately by Flemming’s method? in the air-thermostat, 
and these values were found to be nearly the same as the time of appearance 
of kinks in the cooling curves. This shows that the kink is obtained at the 
point when the solution sets to the gel state. 

It was found that the parts of the various curves above and below the 
kinks obey the law of cooling. Hence the specific heats of the solutions as 
well as of gels of the soap systems in pinene were calculated, and the values 
obtained are given in columns 2 and 3 of the following table :— 


TABLE I 
| 
F Specific Specific | Heat of | Gram molar heat | 
Soe, = heat of heat of | gelation (in | of gelation(in | ML/T 
8. solution gel. _ Calories) | Calories) (ML) 
= 
Sodium oleate | | 
0-05 | 0-5754 0-5170 9-98 981500 2798 
0-10 0-6296 0-5388 | 19-45 985600 2805 
0-15 0-6531 0-5650 32-@2 1073000 2846 
Sodium stearate | 
0-05 | 0- 5234 0-4101 7-37 727600 2067 
0-10 0- 5924 0-4635 15-26 750600 2067 
15 0- 6642 0- 5616 23-56 772300 2062 
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It will be seen from the table that the specific heats of the solutions as well 
as those of gels increase as the soap content in the system is increased. 
Again, the specific heat of the system of a particular soap content is greater 
in the solution or sol state than in the gel state. 


Considering the gel of either soap in pinene as composed of heavily 
super-saturated micelles of the soap in the form of fibrils or threads, and the 
space in between the fibrils being occupied by a super-saturated solution 
of soap in pinene, we have in it a thermodynamic system consisting of a 
number of homogeneous parts between the boundaries of which are certain 
non-homogeneous parts. During the change of state when the sol goes 
over to the gel state, there is a tendency towards the formation of clusters 
of the primary colloidal particles which adsorb the dispersion medium. In 
this process a restriction would be imposed on the degree of freedom of the 
individual particles, which would lead to the reduction of their kinetic energy 
and cause a release of energy in the form of heat at the point of setting. 
Since it is not a strictly homogeneous system, the point is not well defined, 
and during this period there is a thickening stage in which the system passes 
through all the gradations of viscosity with continual though much quicker 
fall in temperature. The heat evolved during gelation may be termed as the 
Heat of Gelation of the system and can be calculated in the same manner 
as in the change of state. 


The heat of gelation has been calculated for the two soap-pinene sys- 
tems studied and the values are given in column 4 of Table I. It will 
be observed that the amount of heat evolved during gelation increases as 
the soap content of the gel is increased, and there appears to be some sort 
of correlation between the two. The values of the molecular heats of gela- 
tion divided by the absolute temperatures of gelation of the two systems, are 
given in the last column of Table I. It will be seen that they are very nearly 
constant for the same system. Also there appears to be a vague similarity 
between these results and Trouton’s Rule, a generalisation according to which 
the ratio of the molar latent heat of vaporisation to the boiling point is con- 
stant for most substances. 


When considering the curves in Figs. | and 2 it should be remembered 
that the thermometer records the temperature at the centre of the test-tube 
which is higher than the temperature of the outermost layer of the solution. 
Thus, there is a temperature gradient in the container at any moment which 
varies from 35° to the temperature recorded at the centre. Therefore, the 
outermost layer may have set to a gel, evolving the heat of gelation, while 
the central portions of the solution may still be at a temperature removed 
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from the setting temperature. This accounts for the fact that the arrest is 
gradual. The arms of the curve above the temperature of arrest indicate that 
the most concentrated solutions cool very slowly. This is due either to differ- 
ences in the specific heats of the solutions of varying soap concentrations, 
or to differences in their ability to transmit heat either by conduction or by 
convection, or it may be due to the evolution of heat which occurs as the 
gel sets. The concentrated solutions set at higher temperatures than the 
dilute ones and hence the heat of gelation of the outer layers of the gel- 
forming mixture would retard the convection or conduction of heat from 
the central portions and thus decrease the rate of cooling. 


The branches of the curves pertaining to the gel-forming solutions 
below 45° are approximately parallel and indicate therefore that at low 
temperatures the rate of cooling is almost independent of the soap content. 


It will be noticed from curves in Figs. | and 2 that the rate of cooling 
of pinene is much greater than those of the set gels. This may be due to 
the fact that the loss of heat in the case of pinene takes place both on 
account of convection and conduction, while in the case of the set gels heat 
is only transmitted by conduction. 


On plotting the differences in the rates of cooling between pinene and 
the gel-forming solutions against temperature, it was found that the curves 
regularly rise to a maximum value and then fall down slowly and regularly; 
no irregularities were observed in any case (cf. Lottermoser and Matthes?). 


Preliminary experiments on the heating curves of soap gels in pinene 
revealed that the variation in the time of “ standing” of the gels at 35° makes 
no difference to the observed results. For the sake of uniformity, all gels 
were allowed to “stand” at 35° for half an hour before a heating experiment 
was started. The gels of sodium oleate were, however, allowed to stand for 
only ten minutes because they synerise if allowed to stand for a longer period. 


The progress of the melted shell towards the centre of the container 
could be seen quite clearly. As the proportion of the melted gel increases 
gradually, the rate of rise of temperature also increases, and when the last 
portion of the gel has just melted the rate of rise of temperature immedia- 
tely shoots up. 


Figs. 3 and 4 show that the heating curves for pinene and the soap gels 
in pinene over the temperature range of 35° to 140° are very different. The 
curves obtained for varying concentrations of soap are coincident up to 
about 50°; above this temperature, however, when the proportion of the 
sol to the gel becomes large, the curves tend to “ spray ”’, the rate of rise of 
temperature being lowest in the most concentrated gels. 


Ww 
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The sigmoid nature of the curves suggests that the conduction of heat 
in the gel is lower than that in the sol, probably due to the absence of con- 
vection currents in the former. 


The difference in the rate of increase in temperature on varying the con- 
centration of either soap in the gels is probably due to (i) the difference in 
the amount of heat absorbed on melting (the heat of gelation varying with 
the concentration of the soap) and (ii) the effect of the different physical 
state of the system on the convection currents. 


SUMMARY 


The cooling curves for gel-forming solutions of sodium oleate and 
sodium stearate in pinene lie above that for pinene, and show definite arrests 
at the point of setting of these solutions to the gel state, indicating that heat 
is evolved during gelation. The Heat of Gelation has been calculated; the 
ratio of the molar heat of gelation to the absolute temperature of gelation 
appears to be constant for a system. An attempt has been made to explain 
the evolution of heat at the point of setting from a thermodynamic stand- 
point. 

The heating curves for gels of either sodium oleate or sodium stearate 
in pinene are sigmoid, suggesting that conduction of heat in a gel is lower 
than that in a solution or sol. 
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CHEMICAL COMPOSITION OF CALOTROPIS 
GIGANTEA 


Part II. Wax and Resin Components of the Stem Bark 


By P. BHASKARA RAMA MuRTI AND T. R. SESHADRI 
(From the Departments of Chemistry and Chemical Technology, Andhra University) 


Received November 8, 1944 


In Part I the examination of the milky latex of the plant was described.! 
The stems have not been examined in the past. They are to some extent 
used for extracting the useful fibre. Preliminary experiments indicated 
that the woody portions contribute very little to the total quantity of wax 
and resin and that they are concentrated in the fibrous bark. Extraction 
with ligroin and subsequently with ether removed all the waxy components 
which amounted to about 4% of the dry bark. The subsequent alcoholic 
extract consisted only of mineral matter. 


By digesting with a large volume of alcohol the waxy matter was separated 
into two major fractions, (A) sparingly soluble solid and (B) alcoholic 
solution. By direct crystallisation of fraction (A) no crystalline entity 
could be isolated. It was therefore saponified and the unsaponifiable matter 
subjected to fractionation. Two main fractions were studied in this case 
also, a crystalline solid (A,) and the mother liquor (A;). Direct crystalli- 
sation of (A,;) was again unsuccessful in yielding a sharp melting definite 
compound. It gave colour reactions characteristic of calotropeols. It 
was therefore acetylated and the product repeatedly recrystallised from ethyl 
acetate. The top fraction consisted of a definite compound melting at 
250-52° and having the specific rotation of + 98° in benzene solution. It had 
the formula C,,H,,0,. On hydrolysis it yielded a triterpene alcohol of the 
composition C;,H,,O and the specific rotation+ 102-0° in benzene solution. 
The properties of these corresponded closely with those of a-calotropeol 
acetate’ and a-calotropeol respectively; the crystal structures agreed and the 
mixed melting points were undepressed. The identity was confirmed by 
preparing the benzoate which melted at 273-74° and was found to be iden- 
tical with a-calotropeol benzoate. 


When (A,) was benzoylated and the mixed benzoates repeatedly 
recrystallised a substance melting at 279-80° was obtained. The free alco- 
hol derived from it melted at 216-17°. The structure of the crystals and 
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the specific rotations agreed with those of B-calotropeol benzoate and 
B-calotropeol respectively and the identity was established by careful com- 
parison and mixed melting point determination. The melting point of the 
acetate prepared from this alcohol and its specific rotation agreed with those 
of f-calotropeol acetate. 

When the mother liquor (A,) was evaporated it yielded an amorphous 
solid which too could not be purified by simple crystallisation. However, 
after acetylation and repeated recrystallisation of the product, a pure sub- 
stance melting sharp at 239° could be isolated. It gave colour reactions 
for pentacyclic triterpenes and had the formula C3,H,,0,. On hydrolysis 
it yielded an alcohol melting at 196-97°. The acetate and the alcohol were 
found to be identical with f-amyrin acetate and f-amyrin respectively by 
compezrison with authentic samples obtained from the roots of Decalepis 
Hamiltenii.2, By carefully working up the mother liquors left from 
8-amyrin acetate another fraction melting at about 140° could be obtained. 
Its composition also indicated that it consisted of triterpenes. The colour 
reactions, however, were different from those of the definite compounds 
described above; with both the Liebermann-Burchard and Salkowski 
reagents it produced yellow solutions with green fluorescence. This could 
be taken as indication that this fraction contained tetracyclic triterpenes. 
The surmise seemed to be supported by the observation that when its 
chloroform solution was treated with hydrogen chloride, a new product 
melting at 210° was obtained and this gave the correct colour reactions for 
pentacyclic triterpenes. The melting points of the tetracyclic fraction and 
of its transformation product were somewhat indefinite. It is obvious, 
therefore, that they were mixtures. Their separation was not possible since 
the available material was very small in amount. The most soluble fraction 
of the acetates that could be obtained from the last mother liquors gave tests 
for the presence of sterols and it melted between 130 and 135°. The quantity, 
however, was very small. 

The unsaponifiable portion of fraction (A) seemed to be composed 
mainly of a- and f-calotropeols, lesser amounts of f-amyrin, very small 
quantities of tetracyclic compounds and probably traces of sterols. By 
the decomposition of the soap from fraction (A) was obtained a mixture of 
fatty acids. It consisted of 90% solid and 10% liquid acids; the solid por- 
tion contained mostly C3,-C3. acids and near homologues along with a small 
proportion with shorter chain lengths. Fraction (A) therefore consisted of 
esters of the above-mentioned resinols with these acids. 

The alcoholic solution (B) was concentrated and the waxy matter 
collected in two fractions, (B,) the less soluble fraction and (B,) the more 
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soluble fraction. The former did not give any colour with Liebermann- 
Burchard or Salkowski reagents. The saponification and the neutralisa- 
tion values and the study of the unsaponifiable matter indicated that it was 


a mixture of long chain (C3, mostly) fatty acids (90%) and (C,, + Cys) hydro-- 
carbons? (10%). 


Fraction (B,), the part which was most highly soluble in alcohol, con- 
sisted mainly of triterpene compounds. It was repeatedly recrystallised 
from ether and ethyl acetate and an ivory white crystalline substance melt- 
ing at 252° was finally isolated. It had the composition corresponding to 
the formula C,,H,,0;: [a] p**°,+ 103-8° in benzene. That it was an acetate 
could be surmised from the formula and it was established by its hydrolysis 
whereby the corresponding alcohol melting at 224° and having the formula 
C,9H,5 90, could be obtained. The alcohoi had the specific rotation of + 110-9° 
in benzene. The new acetate was quite distinct from the acetates of 2- and 
8-calotropeols and of 8-amyrin and the nature of the alcohol obtained was 
also different from that of calotropeols and §8-amyrin. Hence the free 
alcohol was given the name of giganteol and its acetate which occurs free in 
the waxy matter becomes giganteol acetate. This seems to be definitely 
different from other known compounds of the triterpene series. The ana- 
lytical results along with a determination of the acetyl value indicated that 
the acetate was a mono-acetate and the alcohol a dihydric alcohol. 


The various stages in the study of the wax and resin components of the 
stem-bark are summed up in the following chart. 


Bark Powder (4:0 kg.) 
Wax and (150-0 g.) 


7 
Alcohol soluble (40-0 g.) Alcohol (60-0 g.) 
| | 
-0 6-0 Acids Unsaponifiable 
i 
| Giganteol 
acetate 
| | 
Acids Unsaponi- A, (18-0 g.) A, (13-5 8.) 
C gq homologues fiables, a-calotropeol, * p-amyrin, 
Hydrocarbons p-calotropeol Tetracyclic 
ass triterpenes, 


EXPERIMENTAL 


The plants were collected from the waste lands of Waltair and when 
fresh the bark was peeled out, dried and powdered. A small sample was 
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extracted using different solvents in succession; particulars about the extracts 
are given below. 


Solvent Yield Nature of the extract 
Ligroin 4.2% | Waxy matter contain- 
ing resinols 
Ether Waxy matter 
Chloroform 0-2% Do. 
Alcohol Es 3.2% Inorganic salts 


For purposes of detailed study ligroin and ether extracts were mixed 
together and extraction with chloroform was omitted. 


Ligroin+ Ether extract 


4-0 Kilograms of the bark powder were repeatedly extracted in a con- 
tinuous extractor with ligroin (b.p. 80-110°) in batches of 1 kg. for 20 hours 
each. Afterwards the powder was percolated with ether and the resulting 
extract was added on to the ligroin extract. When the solvents were 
completely removed about 150-0 g. of residue was obtained. It was boiled 
under reflux with one litre of 96% alcohol for 3 hours. While hot a dark 
viscous mass separated out at the bottom and it solidified when the contents 
were cooled to about 60°. At that temperature the supernatant liquid was 
carefully decanted off and the insoluble residue was again boiled with small 
portions of alcohol. All the alcohol solutions thus obtained were united 
(2000 c.c.). The alcohol insoluble portion (60-0 g.) was marked (A) and 
the alcoholic solution (B). 


Alcohol insoluble portion (A). (Esters of resinols with higher fatty acids): 


It was a highly coloured sticky solid melting at 55-60° and a definite 
substance could not be obtained by simple crystallisation. So it was sapo- 
nified and the resulting products were studied in detail. The solid (60 g.) 
was dissolved in benzene (700 c.c.); to the solution was added 8% alcoholic 
potash (1000 c.c.) and the mixture was boiled under reflux for 15 hours. 
Then the solvents were distilled off as far as possible and the contents were 
transferred to an evaporating basin, impregnated with pumice stone and 
rapidly dried to a friable mass by heating on a water-bath. The dry material 
was packed in a Soxhlet extractor and extracted with petroleum ether for 
about 8 hours. By this time all the unsaponifiable matter was ex- 
tracted. On removing the solvent completely the residue (35-0 g.) was 
obtained as a colourless crystalline solid mixed with an yellow amorphous 
product. For purposes of fractionation it was dissolved in boiling alcohol 
(700 c.c.) and the solution was set aside undisturbed overnight. A clean 
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white solid was deposited at the bottom of the flask. It was filtered care- 
fully under gentle suction and was washed with small quantities of alcohol 
to remove the adhering yellow matter. The solid thus obtained was desig- 
nated (A-1) and the solution (A-2). 


Solid (4-1) (a- and 8-Calotropeols) 


It was a colourless crystalline (needles) solid melting indefinitely 
between 150° and 175°. With Liebermann-Burchard reagent it gave pink 
solution which changed to purple on standing. With the Salkowski reagent 
it produced an yellow solution exhibiting green fluorescence. The material 
was studied both by acetate and benzoate methods. 


Acetate method. (a-Caletropeol acetate) 


The solid (10-0 g.) was dissolved in acetic anhydride (40-0c.c.) and 
sodium acetate (15-0 g.) was added to it. The contents were boiled under 
reflux on an oil-bath for 4 hours and then thrown into a large quantity of 
water and cooled in the refrigerator overnight. The separated solid was 
recovered by filtration under suction and was washed free of acid with water. 
It was dried in a steam oven, dissolved in boiling ethyl acetate (300 c.c.) and 
filtered. On cooling the filtrate a good amount of a crystalline solid readily 
separated out. After keeping the contents undisturbed for 4 hours, the 
solid was recovered by filtration. It appeared as plates and needles under 
the microscope and melted at 214-30°. It was found to be sparingly soluble 
in ether. So to effect further separation the solid (5-0 g.) was digested with 
ether (150 c.c.) and the insoluble solid (1-0 g.) melting at 235-45° was 
separated by filtration. The ether solution when concentrated by spontaneous 
evaporation deposited some more crops of crystals melting at 239-50°. All 
these were mixed together and added to the above fraction melting at 235~45° 
for purposes of further purification. The final ethereal mother liquor 
yielded low melting products (215-25°) and these were added to similar 
fractions obtained in later stages. The mixture of high melting solids 
(m.p. 235-50°) (2-5 g.) was dissolved in boiling ethyl acetate (150 c.c.) and 
on allowing the solution to cool slowly, shining crystals (hexagonal plates) 
gradually began to separate out. They melted at about 248° and one more 
crystallisation from the above solvent raised the meiting point to 250- 51°. 
The filtrate was concentrated to 50 c.c. whena second crop melting at 241-45 
was obtained. The original ethyl acetate mother liquor on concentration 
to about 75c.c. deposited a solid melting at 222-35°. It was crystallised 
from ether and the melting point was found to have gone up to 240°. All 
these solids melting at about 240° were mixed together and repeatedly crys- 
tallised from ethyl acetate, when some more of the substance melting 
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sharp at 250-51° was obtained. It was found to be unaffected by further 
crystallisation. 


All the ethyl acetate mother liquors from the above crystallisation were 
combined and concentrated in stages. This resulted only in the isolation of 
inseparable mixtures melting at about 230°. The final filtrates on evapora- 
tion to dryness left behind a small quantity of an yellow solid giving the 
sterol colour reactions; Liebermann-Burchard reagent gave a pink colour 
rapidly changing to blue and green and the Salkowski reagent a red colou T 


The crystalline substance melting at 251-52° appeared as elongated hexa- 
gonal prisms and was found to be identical with a-calotropeol acetate in 
its properties, reactions and composition. The mixed melting point was 
unchanged. This was confirmed by hydrolysing it with hot alcoholic 
potash. The free alcohol was found to agree with «-calotropeol in all respects 
and the mixed melting point was undepressed. The correct melting point 
of this alcohol is 220-21° and not 204-05° as previously recorded. It is 
best crystallised from benzene-alcohol mixture which purifies it more 
completely. The benzoate of this sample was also made and was found to 


agree with a-calotropeol benzoate in all its properties. The mixed melting 
point was undepressed. 


Benzoate Method (B-Calotropeol benzoate) 


The crystalline solid (A-1) (8-0 g.) was dissolved in dry benzene (60 c.c.), 
benzoyl chloride (20 c.c.) and dry pyridine (15 c.c.) were added and the mix- 
ture was set aside for 12 hours. After heating under reflux on a water-bath 
for 3 hours, the solvents were distilled off as far as possible under low pres- 
sure. The residue was treated with water (300c.c.) and shaken well with 
ether (500c.c.). It was observed that some solid remained undissolved 
both in the ether and aqueous layers. So benzene (100c.c.) was added 
to the mixture and shaken well when the solid went into the benzene- 
ether layer. It was washed with 1% aqueous sodium hydroxide, dilute sul- 
phuric acid and water in succession. The benzene-ether solution was dried 
over anhydrous sodium sulphate and concentrated to about 150c.c. by 
distillation. On allowing the solution to stand for some hours, a colourless 
solid melting at about 250° was obtained. The mother liquor was eva- 
porated to dryness and the residue recrystallised from ether (750c.c.). 
The resulting solid meited at about 250° and was added to the above one 
(5-0 g.). The ether filtrate was studied separately. The above benzoate 
was digested with ether (250 c.c.) and the undissolved portion melting at 
274-76° was separated. The ether solution was concentrated in stages when 
some more of the above solid was obtained (total 2:5 g.). This was dissolved 
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in ligroin and cooled in the ice-chest for 4 hours when long, glistening 
crystals melting at 276-80° were obtained. On repeated recrystallisation 
from the same solvent (6 times) a pure compound melting at 279-80° was 
obtained and it was found to be the benzoate of 8-calotropeol. On work- 
ing up the ligroin mother liquors some more of the above solid was 
obtained. 


The original ether filtrate was evaporated to dryness and the residue 
digested with methyl alcohol. The resulting solid melted at about 185°. 
This was repeatedly crystallised from ligroin and other solvents. The 
resulting product melted round about 210°, and was found to be an insepa- 
rable mixture of benzoates. 


The identity of the above-mentioned product as the benzoate of 8-calo- 
tropeol was established not only by comparing it with an authentic sample 
obtained from the latex but also by saponifying it and preparing the free 
alcohol and the acetate from it and comparing these also with authentic 
samples. 

Alcoholic Solution (A-2) (B-amyrin, tetracyclic resinols and sterois) 


The solution containing the more soluble portion of the unsaponifiable 
matter on concentration did not deposit any crystalline solid. The solvent 
was completely removed by distillation and the residue was obtained as a 
yellow sticky mass (13-5 g.). It was dissolved in acetic anhydride (50 c.c.) 
and sodium acetate (10 g.) was added and the contents were boiled on an 
oil-bath for 4 hours. They were then largely diluted with water, allowed 
to stand overnight and then extracted with ether (400 c.c.). 


B-Amyrin acetate 


The ether solution was washed free of acid, dried over anhydrous 
sodium sulphate and then was concentrated to about 75c.c. A colourless 
crystalline solid slowly separated out from the solution. It melted at 226-30° 
and gave the usual triterpene colour reactions. On repeated crystallisation 
from boiling ethyl acetate a compound was obtained in the form of colour- 
less rods and it melted at 239° (yield 2-5¢.). (Found: C, 82:2; H, 11-5; 
C32H;.0, requires C, 82-1; H, 11-1%.) It was hydrolysed by boiling its 
benzene solution with alcoholic potash. The resulting compound was 
crystallised from alcohol-ether mixture from which it was obtained in the 
form of needles, m.p. 196-97°. It was identified as 8-amyrin by taking a 
mixed melting point with an authentic sample obtained from Decalepis 
Hamiltonii.2 The melting point of the acetate was also undepressed when 
mixed with f-amyrin acetate. Hence the presence of 8-amyrin in this frac- 
tion was established. The ethyl acetate mother liquors from 8-amyrin 
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acetate on further concentration yielded impure mixtures melting at about 
218°. 

The original ether filtrate from which the crude S-amyrin acetate was 
removed was concentrated in stages. A study of the fractions gave indication 
for the presence of small amounts of tetracyclic triterpenes and traces of 
sterols; this has been mentioned in the introductory part of this paper. 


Fatty.acids 


The soap which was obtained as the result of saponifying fraction (A) 
was decomposed by heating with dilute sulphuric acid. The liberated fatty 
acid mixture was ether extracted and the ether distilled off from the extract. 
The residue (23-0 g.) was brown in colour and melted at about 65-70°. 
When separated by means of the lead salt-ether method, it was found to con- 
sist of about 90% of solid and 10% of liquid fatty acids. The solid acid mix- 
ture on crystallisation from alcohol several times yielded a fraction (15-0 g.) 
melting at 83-85° and having a saponification equivalent of 472-8. Con- 
sequently it was considered to consist mostly of acids having Cyg-Cs. chain 
lengths. The remaining portion of the solid acids melted indefinitely at 
60-65° and had a saponification equivalent, 302-6. This fraction obviously 
consisted of fatty acids of lower chain lengths. 


Fraction (A) should, therefore, consist of esters of resinols with mostly 
solid fatty acids of longer as well as shorter chain lengths and with smaller 
amounts of liquid fatty acids also. 


Alcoholic solution (B) 


On keeping this undisturbed overnight a white nodular solid separated 
out and it was collected by filtration at 70° using a hot water funnel (40 g.). 
It produced a slightly yellow solution with sulphuric acid. This was again 
dissolved in alcohol (750c.c.) and allowed to crystallise. The crystals 
now melted at 85-120°. After one more crystallisation from ethyl acetate 
(500 c.c.) a colourless wax producing no colour with sulphuric acid, was 
obtained (20g.). This was designated solid (B,). The original alcoholic 
filtrate and the subsequent ethyl acetate filtrate on concentration yielded high 
melting solids, m.p. 170-200°. This fraction was designated (B,) (6-0 g.). 
The filtrate from solid (B.) on evaporation to dryness deposited a small 
quantity of fatty oil. 


Solid (B,) (Fatty acids and hydrocarbons) 


This was sparingly soluble in cold alcohol and in ether but dissolved 
in large volumes of hot alcohol, chloroform, benzene and petroleum ether. 
The clean solid (10 g.) was crystallised from a mixture of benzene and 
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alcohol. The resulting product melted at about 87°, was insoluble in 
acids and alkali and did not produce any colour rcactions with sterol 
colour reagents. 


Saponification equivalent .. 473-1 


Saponification 


The solid (10 g.) was dissolved in benzene (300 c.c.), an equal amount 
of 8% alcoholic potash was added and the mixture was boiled under reflux 
for 15 hours. The major bulk of the solvents was removed by distillation, 
the concentrate was mixed with pumice stone and quickly dried to a friable 
mass. This was extracted in a Soxhlet with petroleum ether and dry ace- 
tone in succession. The petroleum ether extracted all the unsaponifiable 
matter (1-0 g.) leaving nothing for acetone to extract. 


Unsaponifiable matter (Hydrocarbons) 


This formed 10% of the wax (B,) and about 5-0g. of the substance 
were prepared for study. It was yellow in colour and melted at about 65°. 
By repeated crystallisation from petroleum ether and alcohol, a small quantity 
of a hydrocarbon mixture melting at 69° could be obtained. The yield by this 
method of purification was very poor. Hence all the fractions were mixed 
together and treated as follows. The solid was dissolved in hot amyl 
alcohol (30 c.c.), to the solution was added concentrated hydrochloric acid 
(25c.c.) and the contents were heated to boiling. On gradual cooling a 
solid cake was formed on the top of the liquid surface. When subjected 
to treatment with acetic anhydride and sodium acetate it was recovered 
unaffected. It was then crystallised twice from alcohol and petroleum 
ether in succession. The resulting substance (90% yield) appeared as rhombs, 
melted at 69° and set to a solid at 68-5°. No change was produced by treat- 
ment with sulphuric acid at 130° (Found: C, 85-2; H, 14-8%). From 
the melting point of the mixture the average chain length was found to be 
31-5 carbon atoms using the curves of Piper ef al.,* correlating the melting 
points and the chain lengths of hydrocarbons. It was considered to be 
most probably a mixture of C,, and C,, hydrocarbons. 


Fatty acids 


On decomposing the soap with sulphuric acid, the fatty acids were 
obtained in the form of a cake. The dry solid was dissolved in a mixture 
of boiling alcohol and benzene (1:1), the contents were concentrated and 
allowed to stand for 12 hours. A colourless crystalline solid (8-5 g.) melt- 
ing at 88-5-89° slowly separated out. Tt was sparingly soluble in ether and 
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alcohol in the cold, but dissolved in benzene, chloroform and ligroin. It 
had the mean molecular weight of 458-7. (Found: C, 79-4; H, 12-9; 


CypH,,O2 requires C, 79-7 ; H, 13-3%). The mixture therefore consisted of 
Cy acid and its near homologues. 


Solid (B.) (Giganteol acetate) 


Fraction (B,) produced with the Liebermann-Burchard reagent a 
pink solution and was therefore different from the aliphatic components 
present in B,. For further purification it was dissolved in boiling ethyl 
acetate (200 c.c.) and the solution was allowed to stand. A lustrous crys- 
talline solid (3-0 g.) melting at 212-22° separated out. On further crys- 
tallisation from ethyl acetate it melted at 230-40°. This solid (0-5 g.) was 
digested with boiling ether (100 c.c.), allowed to stand for some time and the 
insoluble portion was separated by filtration. On repeated crystallisation 
from ethyl acetate it had the appearance of flakes and melted at 252°. A 
carefully crystallised sample had the appearance of hexagonal plates. The 
mixed melting points with a- and §8-calotropeol acetates were considerably 
depressed. (Found: C, 79-5; H, 11-3; CsgH,,03 requires C, 79-3; H, 10-8%.) 
[2]a°° +103-8° in benzene solution. (Found: Iodine value, 56-4; 
requires for one double bond, 52-5.) 


Giganteo!l 


The above compound was hydrolysed by boiling with alcoholic potash. 
The mixture was diluted with water, the alcohol was distilled off as far as 
possible and the resulting solid was then filtered and crystallised from alco- 
hol. It was obtained in the form of rods and narrow rectangular plates melt- 
ing at 224°. Mixed melting points with a and 8-calotropeols were consider- 
ably depressed and hence it was considered to be different from them. 
However, it produced colour reactions similar to those of calotropeols. 
(Found; C, 80-9; H, 11-6; C,,H,,O, requires C, 81-4 and H, 11-3%.) 
[a]*8° +110-9° in benzene solution. (Found: Iodine value, 54-1; C,9H,,.O, 
requires for one double bond, 57-5.) 


The potassium soap on decomposition with acids gave tests for acetic 
acid. Hence the original compound melting at 252° should be considered 
to be giganteol acetate. 


Alcohol Extract (Mineral Matter) 


The stem bark (2:0 kg.) after extraction with ligroin and with ether 
was repeatedly extracted in the Soxhlet with 3 litres of alcohol for 20 hours. 
On concentrating the solution to about 500 c.c. and setting it aside for a day 


a white crystalline solid collected at the bottom of the flask. When filtered 
A2 
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and washed with warm alcohol, it became colourless and formed 2:5% of the 
powder taken. It was further purified by dissolving in water and removing 
the small amount of insoluble impurities. The filtrate was then treated with 
twice its volume of alcohol and cooled in ice. A colourless crystalline solid 
soon collected at the bottom of the flask and was recovered by filtration. 
It was found to be made up mostly of metallic salts and consisted of citrates 
and chlorides of potassium and sodium. Traces of tartrates were also 
detected. From the alcoholic and aqueous filtrates no crystalline organic 
substances could be isolated. The presence of a little tannin could be 
inferred from the ferric chloride reaction. 


SUMMARY 


A study of the wax and resin components of the stem bark of Calotropis 
gigantea is described. They were separated into fractions by means of 
alcohol. The most sparingly soluble fraction consisted of esters of resinols 
with long chain (saturated and unsaturated) fatty acids. From the un- 
saponifiable matter by fractionating the acetates and the benzoates, a- and 
B-calotropeols and 8-amyrin were obtained. Small quantities of a mixture 
of possibly tetracyclic triterpene compounds and traces of sterols were also 
found to be present. A subsequent fraction was aliphatic being made up 
of 90% of fatty acids (Cy, and near homologues) and 10% of hydrocarbons 
(Cy, + Cg, etc). The most soluble fraction contained esters of triterpene 
alcohols with steam volatile fatty acids. By a process of direct crystallisation 
applied repeatedly a new substance, Giganteol acetate, could be obtained 
from this fraction. It yielded a new dihydric alcohol, Giganteo!, having 
the formula 


An alcoholic extract of the wax-free stem bark yielded mineral matter 
consisting of citrates, chlorides and tartrates of sodium and potassium. 
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1. INTRODUCTION 


It is well known that the fundamental and its odd harmonics are the most 
easily excited frequencies when piezo-electric plates are set into oscillation. 
Bergmann! has recorded that the even harmonics may also be excited by 
using very strong electric fields when there is want of symmetry in the plate 
or in the electric field. Working with quartz, he has actually measured 
a number of these in some cases.2, Much work does not, however, appear 
to have been done in the direction of investigating the conditions favourable 
to the appearance of even harmonics. Even more interesting is the recent 
observation of Parthasarathy® and collaborators that the crystal plates some- 
times exhibit a half fundamental and its odd overtones. The authors of this 
note have, for some time past, been engaged in the study of elastic constants 
of a number of crystals by piezo-electric methods and had accordingly occa- 
sion to study the behaviour of these plates using quartz. tourmaline and 
sphalerite under various conditions. Some interesting results obtained 
are reported here. 


In this investigation, the resonance frequencies are always detected 
by the appearance of the Debye-Sears patterns and the measurements which 
are made with the help of a standard wavemeter are checked against the 
fringe widths of the diffraction patterns. The crystal plate rests on a hori- 
zontal annular brass ring with the lower surface touching the liquid in a 
glass cell and the upper electrode is a brass plate smaller in diameter than 
the inner diameter of the lower ring, so that there is always an asymmetric 
field if the crystal is unsilvered. 


2. EvEN AND Opp HARMONICS 


It is well known that even overtones cannot be excited in the ideal case 
of an infinite piezo-electric plate with the electric field constant over the 
entire area of the plate. In practice, on the other hand, they have 
been produced under certain conditions of excitation in the longitudinal 
vibrations of X-cut quartz plates as has been done by Bergmann,? Partha- 
sarathy and others. The usual practice in observing the Debye-Sears® and 


19 


20 S. Bhagavantam and D. Suryanarayana 


Lucas-Biquard® effect in liquids employing a X-cut quartz plate is to silver 
the two faces of the crystal uniformly with the result that only the odd over- 
tones of the longitudinal vibration come out and with great intensity. We have 
seen that such a procedure in the case of Z-cut tourmaline plates also gives 
only the odd overtones of the longitudinal vibration. If, now, the silver is 
removed from small areas on both sides of the crystal by nitric acid or by 
rubbing lightly on an abrasive surface such that silvered portions on one 
side, lie roughly opposite to the unsilvered portions on the other, the even 
overtones come out in considerable strength, while the intensity of the odd 
overtones falls slightly. In a 2mm. tourmaline plate thus treated, we have 
found the even overtones upto the 6th as fairly strong and could detect the 
Sth overtone also. A 1mm. plate with a fundamental at nearly 3-75 Mc. 
giving only the first and the third overtones strongly when fully silvered, gave 
two orders in the 2nd overtone after the above treatment. The most in- 
teresting feature of this plate is that it is excited by this method, not only 
in the longitudinal mode but also in a shear mode, as detected again by the 
appearance of a number of diffraction orders at the overtone values of a 
different fundamental frequency 2:29 Mc. The second overtone of this 
shear mode is also present in considerable intensity. The elastic constant 
C,, obtained from this mode as 6-56 x 10'! dynes per sq. cm. assuming 
it to be a thickness shear mode, checks very well with the constants C,, 
(slightly coupled) obtained by usin a separate experiment from both X-cut 
and Y-cut plates of the same specimen as 6-45 and 6-51 respectively. Even 
when unsilvered, this | mm. Z-cut plate produced diffraction in both the 
modes and at even overtones also, but with a general loss in intensity of all the 
overtones of both modes. The shear mode in both the cases is always lower 
in intensity than the longitudinal mode. 


Similarly a 2mm. X-cut quartz plate with a fundamental at 1-44 Mc. 
gave the longitudinal even overtones upto the 6th, only when it was badly 
silvered in the above manner. Again when it was badly silvered or not 
silvered, a shear mode with a fundamental of 1-29 Mc. in all its overtones 
including even, upto the 7th overtone appeared. The constant obtained 
from this mode is very nearly the same as that calculated from the elastic 
constants of quartz determined by Atanasoff and Hart’ and corrected by 
Lawson.® I/t will be noted here that the 5th overtone of the shear mede coin- 
cides with 9/2 times that of the longitudinal mode and cculd easily be mistaken 
for the latter one. Another 0-198 cm. quartz plate, not strictly X-cut but 
slightly inclined to the X-axis, has been studied when fully silvered and found 
to oscillate only in the odd harmonics of two modes, one longitudinal and 
the other a shear mode similar to that of the above quartz plate, with 
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fundamentals very near those obtained for the X-cut plate. When it is badly 
or not silvered, the even overtones also of both the modes come out. In all these 
cases an even overtone of any mode is always of lower intensity than the odd 
overtones between which it lies. Any overtone of the shear mode is always 
of a Icwer intensity than the corresponding evertone of the longitudinal mode. 
Thus in each of the modes, the intensities of the odd overtones form a series 
in which the higher ones decrease progressively and those of the even 
overtones form another similar series of lower intensity. 


Octahedral and (221) plates of a sphalerite crystal, from Galena, Kansas, 
the chemical analysis of which is given elsewhere,® gave the even overtones 
in considerable strength, although they were very well silvered. It may 
.here be noted that these plates get heated up soon when they are in resonant 
vibration and this phenomenon in ZnS is most probably due to the presence 
of impurities in the crystal which cause consequential inhomogeneities. 


3. HALF-OVERTONES 


Recently Parthasarathy, Pande and Pancholy* made some observations 
on the piezo-electric vibrations of quartz plates. They have not explicitly 
stated what the state of silver is on their crystal. They found certain frequen- 
cies other than the odd and even overtones of the fundamental and explained 
them as due to odd overtones of half the fundamental. This explanation 
appears to be very strained and does not fit with the intensities of these fre- 
quencies as may be seen from the following remarks. Firstly, the funda- 
mental frequencey for a X-cut crystal of thickness 0-552 cm. comes to about 
520 Ke., either from Hund’s expression or from Voigt’s or Atanasoff and 
Harts’ value of C,, while Parthasarathy and collaborators observed it to be 
580 Kc. This considerable discrepancy can only be attributed to an error 
in orientation of the crystal. Consequently, if their method of excitation is 
such that the even overtones of the longitudinal mode are present, in view of 
the above stated observations of ours, it is easily seen that a shear mode is 
also likely to have been excited not only in its odd but also in its even 
overtones. Assuming the fundamental of the shear mode to be 515 Ke., 
the reported 5/2, 7/2. 9/2, 11/2 and 13/2 harmonics of Parthasarathy and col- 
laborators are surprisingly close to the 3rd, 4th, 5th, 6th and 7th overtones 
respectively of the shear mode. Even more convincing is the run of inten- 
sities of these frequencies. According to Parthasarathy and collaborators, 
the so-called 5/2, 9/2 and 13/2 which are the 3rd, Sth and 7th overtones in 
our explanation are the more prominent ones and this is just as we should 
expect. The even overtones, as has been stated above, are always of a lower 
intensity than the odd overtones in both the modes, and the shear mode is 
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again of a lower intensity than the longitudinal mode, and the intensities 
recorded by Parthasarathy and collaborators find an immediate and natural 
explanation on this basis if the idea of a shear fundamental at 515 Kc. is 
accepted. The frequency of their 3/2 harmonic is not exactly equal to the 2nd 
overtone of the shear mode though its intensity fits in with such an 
explanation. This is presumably on account of the coupling and size effect 
present in such thick crystals near the fundamental frequency. 


We have made a special effort to directly observe the half-fundamental. 
In no case have we been able to observe it. In the 1 mm. tourmaline and a 
1 mm. X-cut quartz, when they are well silvered, we found that the resonance 
curve at the fundamental extended from beyond the frequency of the 2nd 
overtone to a frequency lower than half the fundamenta! of the longitudinal 
mode. At about half the fundamental, on account of the harmonic con- * 
tent of the oscillator circuit, the crystal was found to oscillate at its funda- 
mental but this phenomenon is quite distinct and cannot be interpreted as 
the crystal showing up a half-fundamental. When the crystal is sufficiently 
badly silvered or not silvered such that the resonance curve is much sharper, 
the above phenomenon disappears and no diffraction is observed at half the 
fundamental. 


The above interpretation of the vibrations of the piezo-electric plates 
naturally leads to the question as to the manner in which the shear mode is 
communicated to the liquid for producing a diffraction pattern. The phy- 
sical explanation of this seems to lie in the fact that except along unique 
directions, the waves propagated in anisotropic media are not strictly longi- 
tudinal and transverse but only quasi-longitudinal and quasi-transverse while 
the three displacement vectors are always mutually perpendicular. 


On the other hand, if the interpretation of the results leading to the 
recognition of the crystal plate oscillating in its half-fundamental is accepted, 
we are faced with serious difficulties of a theoretical nature. Mention may 
be made of one such consequence relating to free and unclamped boundary 
of acrystal remaining a node when the whole crystal is thrown into 
oscillation. 


4. SUMMARY 


Conditions under which even and odd overtones of piezo-electric crys- 
tal plates may be excited have been investigated using tourmaline. quartz 
and sphalerite plates. Whenever there is a non-uniformity of the 
electric field or of the crysta! plate it has been found that the even overtones 
are strongly excited. These features and also errors in orientation result 
in the appearance of characteristic shear modes along with the appropriate 


Even, Odd & Half-Overtones in Piezo-Electric Crystal Plates 23 


even and odd harmonics. In all these cases, an even overtone is always 
of lower intensity than the odd overtones between which it lies. Any 
overtone of the shear mode is always of a lower intensity than the correspond- 
ing overtone of the longitudinal mode. All attempts to observe a half-funda- 
mental have proved unsuccessful. Certain frequencies recorded by Partha- 
sarathy and collaborators and attributed to odd overtones of a half- 
fundamental are explained as the usual (even and odd) overtones of a shear 


mode. 
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1. INTROMUCTION 


Tue author has taken up a critical and exhaustive study of the verification 
of Placzek’s theory of Raman Effect! and in the first two parts®* of this 
series, results relating to the effect of temperature on the intensities of Raman 
lines in some typical crystals like calcite, quartz, etc., were given. In the 
third part* the author published some results regarding the effect of tem- 
perature on the intensities of the Stokes, the anti-Stokes as well as the ratio 
of intensities of the Stokes and the anti-Stokes Raman lines in some typical 
liquids like carbon tetrachloride, chlorobenzene, etc. These investigations 


were defective inasmuch as the range of temperature employed was very 
small. It is now proposed to study the changes in intensities over a wider 
range of temperature. On account of the comparative simplicity of the 
spectra and the chemical stability of the molecules, carbon tetrachloride and 
benzene are best suited for the study and so these liquids are again taken up 
but temperatures of 250° C. in the former case and 150° C. in the latter have 
been reached. 


Available literature on the subject has been reviewed in the earlier papers 
of the author. Mention may, however, be made here of a recent paper by 
Sirkar’ who studied the effect of temperature on the intensities of Raman 
lines in some organic liquids, and concluded that the observed values, when 
corrected for the expansion, agree fairly well with the values calculated on 
the basis of Placzek’s expressions. 


2. EXPERIMENTAL 


Distilled carbon tetrachloride is taken in a thick-walled pyrex tube 
capable of withstanding high pressures. Sufficient space has been left in 
the tube for the expansion of the liquid at higher temperatures and the tube 
is sealed off after removing the air, The tube containing the liquid is 
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surrounded by an electric heater and the temperature of the liquid could be 
read by a thermometer kept in contact with the tube within an accuracy of 
+ 5°C. Light from a 6-inch quartz mercury arc lamp is focussed on the 
liquid by an 8-inch glass condenser and the scattered light coming from the 
window of the tube is condensed on to the slit of a Hilger two-prism glass 
spectrograph by means of a lens. Only a portion of the liquid has been 


illuminated and the illuminated portion is kept the same while obtaining the 
spectra at different temperatures. 


As the lines may broaden at higher temperatures, a wide slit (0-5 mm.) 
has been used to photograph the spectra at different temperatures and 
intense and clear spectra were obtained by giving comparatively short 
exposures. Care has been taken to see that the slit is not so wide as to 
cause overlapping of the adjacent Raman lines. The time of exposure and 
the intensity of the source are kept constant while obtaining the Raman 
spectra of the liquid at different temperatures. As a wide slit has been used 
in all the cases and as there is no further broadening of the lines, the peak 
intensities have been compared. In order to study the frequency and 
structural changes of the Raman lines, the spectra at different temperatures 
are photographed using a narrow slit (0-06 mm.). In this case, the aggregate 
intensities of the various lines at different temperatures have been com- 
pared, the aggregates being obtained from the microphotometric records. 
As there is no appreciable difference between the results thus obtained by 
comparing the aggregate intensities of the lines at different temperatures 
using a narrow slit and those obtained by comparing the peak intensities 
using a wide slit, only the latter results are given in the paper. The experi- 
mental arrangements are just the same for benzene also, but in this case the 
results obtained by comparing the aggregate intensities of the lines at different 
temperatures using a narrow slit are given. 


3. RESULTS 


Table I contains the results regarding the effect of temperature on the 
intensities of the Stokes Raman lines in CCl,. 


In Table II are given the results relating to the effect of temperature on 
the intensities of the anti-Stokes Raman lines in CCl,. 


In Table III are given the results regarding the effect of temperature 


on the ratio of intensities of the Stokes and the anti-Stokes Raman lines in 
CCl,. 


Table [V contains the results regarding the effect of temperature on the 
widths of the Raman lines in CCl,. 


TABLE I 
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| 
| 


= obs. 


Quotient 


313 


1-00 


1-00 


383 


0-86 


1-31 


443 


0-76 


1-64 


0-65 


313 


1-00 


383 


0-89 


443 


0-77 


0-69 


1-00 


0-86 


0-73 


0-61 


1-00 


0-81 


0-67 


0-55 


TABLE II 


Temperature 
K. 


obs. 


313 


1-00 


26 
1-40 
315 1-10 1-24 
775 1-03 1-27 
443 
523 
| | | | Quotient 
: | | = | iz 1-00 | 1-00 
523 1-63 
| = | oa 
| — 460 383 1-31 gg 1-20 
443 1-44 1-47 
| 523 1-51 2-86 1-89 
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Widths at different temperatures (cm.-}) 


383° 443° 


12 15 18 
13 16 19 
11 16 20 25 


747-168 728-800 
780-800 


There is no marked change in the frequency for the first three lines. 


In Table V are given the results regarding the effect of temperature on 
the intensities of Raman lines in benzene. 


TABLE IIT 
Frequency | Temperature | | | obs. 
| 313 | 2-67 2-48 | 2-70 
215 383 2-23 2:07 2-01 | 
523 
| 523 3-00 2-88 
TABLE IV 
| 313° K. | | | 523° 
| 
215 
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TABLE V 


obs. 


305 
363 


1-02 
1-00 
1-00 
1-00 

1:00 
1-00 

0-62 1-00 

1-00 1-00 

0-89 1-00 

0-77 1-00 


4. DISCUSSION OF THE RESULTS 


The Raman spectrum of carbon tetrachloride presents a simple case 
wherein we can get both the Stokes and the anti-Stokes lines with reasonable 
intensity. It consists of the lines at 215 (v,, doubly degenerate), 315 (vg, 
triply degenerate), 460 (v,, total symmetric) and 760 and 790 cm.-! (v4, triply 
degenerate). Fermi pointed out that the splitting of v, is due to the acci- 
dental degeneracy +, v, + v3. As can be seen from Table IV, the fairly 
sharp lines at 215, 315 and 460 cm.-? at the room temperature have slightly 


. | 1-00 1-00 1-00 
605 0-84 1-04 1-24 
4 305 1-00 
850 363 0-86 1-02 1-19 
423 0-67 1-55 
1180 1-20 
1-49 
305 1-00 
1605 363 1-19 
, 305 1-00 
| 423 | 1-30 
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broadened at higher temperatues but there is no change in frequency. Of 
these three, the line at 460 cm.-!, which is shading off in intensity towards 
the exciting line, is slightly more diffuse than either of the other two lines. 
v, is a well resolved doublet at the room temperature but at 250° C. the 
two components have become broad and diffuse and practically merged 
into each other to become almost a single band extending over about 70 


wavenumbers. The above conclusions are in fair agreement with those of 
Ananthakrishnan.*® 


Placzek’s theory indicates that both the Stokes and the anti-Stokes lines 
increase in intensity with increasing temperature, the intensities becoming 
infinitely large at very high temperatures. The observed results show that 
the Stokes lines decrease in intensity and the anti-Stokes lines increase but 
not to the expected extent. According to the author, the ‘intensities of the 
Stokes and the corresponding anti-Stokes Raman lines tend to meet each 
other at some finite intensity but not at infinite intensity as predicted by the 
theory. This observation indicates a very serious departure from Placzek’s 
theory and the theory has to be suitably modified to account for the 
observed facts in liquids and solids. 


It has already been mentioned in the previous paper, where the author 
has worked at temperatures below the boiling points of the liquids, that the 
observed values even when corrected for the expansion do not show an 
increase as is expected in Placzek’s theory. The present investigations confirm 
this conclusion. It may be mentioned here that the densities of carbon 
tetrachloride and benzene decrease in the ratio of 1-30: 1 and 1-16:1 res- 
pectively when these liquids are heated from the room temperature to the 
highest temperatures employed in this investigation. Since the illuminated 
volume has been kept constant, this would mean that the maximum 
correction to be applied to the observed intensities on this score will result 
in their being increased as per the above ratios. The recorded discrepancies 
are, however, far in excess of such corrections. The intensities of the 
Rayleigh lines on the other hand, when corrected for the expansion, show 
a definite increase with the increase of temperature. The line at 215cm.-* 
in carbon tetrachloride, which has been reported by the author in the previous 
communication to have shown a slight increase in intensity with increase 
of temperature from 305° to 340° K, also decreased in intensity at higher 
temperatures. The ratio of intensities of the Stokes and the anti-Stokes 
lines tend to approach more and more towards unity with increasing 
temperatures and the ratios at all temperatures are in conformity with the 
theoretically expected results. 
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5. SUMMARY 


The author has studied quantitatively the effect of temperature on the 
Raman spectrum of liquid CCl, from 40° to 250°C. and on the Raman 
spectrum of benzene from 32° to 150°C. It has been observed that the 
Stokes lines decrease in intensity and the anti-Stokes lines increase but not 
to the expected extent, with the increase of temperature. The ratios of the 
intensities of the Stokes and the anti-Stokes lines are in conformity with the 
results calculated from Placzek’s theory at all temperatures. In the case 
of CCl, the lines have broadened out and the widths of the lines at various 
temperatures are given. 


In conclusion, the author takes great pleasure in expressing his grateful 
thanks to Prof. S. Bhagavantam, Hon. D.sc., for his interest in this investiga- 
tion. 
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INTRODUCTION 


1. In Dirac’s classical theory of radiating electrons,! some solutions of the 
equations of motion correspond to rather unusual states of motion. For 
example, a free electron is able under certain circumstances to accelerate itself 
and steadily increase its velocity without the agency of an external field. But 
because an accelerating electron must be losing energy by radiation, the 
question then arises—from where does the electron obtain the energy to 
increase its kinetic energy and also at the same time to continue to lose energy 


by radiation? The purpose of this note is to examine the answer to this 
question. 


Dirac’s relativistic equations of motion of an electron are 


mv, = ev,F,” + ge? + =0, 


where (x,, X;, Xg, X3) are the time and space co-ordinates of the electron, 
dy = (xq, X41, %, %3) Where dots denote differentiation with respect to the 
proper time s, and F¥” are the usual field quantities which describe the 
external electro-magnetic field. The units are chosen so that the velocity of 


light is unity. These equations show that the force on the electron due to 
its radiation field is 


+ =1,2,3. (2) 


Also the rate of increase of energy due to the reaction of radiation, which 
is also the rate of increase of the kinetic energy of the electron minus 
the rate at which the external field does work on theelectron, namely 
my, — ev, F,”, is equal to 

+ V2). (3) 
The term in %, corresponds to a reversible form of emission or absorption 
of field energy, and the term in V*v, to irreversible emission of radiation, V" 
being necessarily negative as v, is a space like vector. 
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FREE ELECTRON 


2. To consider the motion of a free electron, if we take a frame of 
reference in which the motion is rectilinear, the equations of motion are 


av =v +(a,? — 0%) v, — v? = 1 
where a= $m/e? and v is the velocity of the electron. These equations can 
be readily solved by eliminating v, and substituting v = sinh ¢ when we 
obtain af — ¢ =0. Hence the solution is v = sinh ¢, v, = cosh ¢ where 
= +B, (4) 
A and B being arbitrary constants. 


For non zero A the motion is non-physical with the velocity steadily 
increasing and tending to the velocity of light. It can be seen that in this motion 
there is loss of energy by radiation, because if we surround the electron 
by a sphere of large radius r about its instantaneous position, then we 
note that there is a flow of energy out of the sphere, since the field at large 
distances r is of the r-* order and not r-? when the electron is accelerating.® 
This outflow of energy can take place at the same time as the electron is 
increasing its mechanical energy m»,, because the field energy in the immediate 
neighbourhood of the electron can become increasingly more and more 
negative, thus releasing energy for radiation. The energy tensor cor- 
responding to the equations of motion (1) is such that the field energy near the 
electron is not necessarily positive definite. It is the radiation energy je? v, 
which contributes towards the increase of mechanical energy mv, and also 
towards the loss of energy by radiation at a rate zeV%B,. The energy of the 
electron and the field near it is mv, — $e*i,, which is negative after sufficient 
lapse of time. It is however desirable to regard the energy portion — ge*y, 
not as field energy but as energy possessed by the electron in virtue of its 
acceleration.* This intrinsic acceleration energy of the electron is negative 
when the acceleration is positive; and hence as the electron acquires this 
negative energy it releases an equal amount of positive energy which supplies 
the increase of kinetic energy and also the loss of radiation. 


ELECTRON IN A FIELD 


3. The above discussion applies also to physical motions where the 
electron is accelerating. Let us consider the rectilinear motion of an elec- 
tron in a uniform electric field E. Then in the same notation as before the 
motion is given by 


v= sinh ¢, v = cosh ¢ where d= Ac” +B + eEs/m. (5) 


* Dirac refers to this in his paper, but the implications are not made clear there. 


(5) 


A Note on Accelerated Electrons 33 


For non zero A the motion is non-physical with the velocity increasing 
at a very rapid rate and in the direction of the field if A _ is 
positive and opposite the field if A is negative. A zero gives the physical 
motion with the velocity gradually increasing and in the direction of the 
field. For this motion, 


+ v3 v, = 0. 
The entire energy released by the electron, as it requires its negative 


acceleration energy, is being lost by radiation. The electric field contributes 
towards the increase of the kinetic energy of the electron. 


We thus see that for a proper understanding of these energy changes, 
one should consider the intrinsic energy of the electron as composed of 
kinetic, potential and acceleration energies. This, total energy, though it 
may be positive at the commencement of the mction, may in process of time 
continually decrease and progressively become negative, as can be seen from 
the above illustrations. Hence a transition from a positive energy state to 
a negative energy state can take place in the classical theory, a process which 
has been hitherto thought of as possible only in the quantum theory. 


4. In a recent paper* the author applied the above equations (1) to 
discuss the motion of the electron in the hydrogen atom and obtained the 
unexpected result that the equations do not have a solution which corres- 
ponds to the electron ultimately falling into the nucleus. It is now seen 
that the electron need not necessarily fall into the nucleus owing to loss of 
energy by radiation, because this radiated energy can be supplied by the elec- 
tron becoming subject to an acceleration in the direction away from the 
nucleus. Such a motion being the only one allowed by the equations has 
to be regarded as the physical motion even though it introduces a novel 
idea that the ultimate result of subjecting the electron to a force is to 
make the electron move opposite to the force. 


The author wishes to express his deepest gratitude to Professor H. J. 
Bhabha for his kind guidance and supervision. 
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Compounpns of the diphenylsulphone group are of interest from many points 
of view. Though not strictly belonging to the sulphanilamide group, 4: 4’- 
diaminodiphenylsulphone and its derivatives show typical sulphanilamide 
activity, their bacteriostatic effect being reversed by para aminobenzoic acid. 
On the basis of the drug-diet experiments, Marshall, Litchfield and White! 
have found that 4: 4’-diaminodiphenylsulphone is about ten times as effec- 
tive as sulphanilamide in experimental streptococcal infections in mice; 
but the high degree of toxicity of this compound has prevented its use in 
practical therapy. Three derivatives of this compound, viz., the disodium 
salt of the N, N’-didextrosesulphonate (‘Promin’), the di-formaldehydesul- 
phoxylate (‘Diasone’) and the diphosphorylated derivative, have been found 
to show definite protection against experimental tuberculosis in guinea pigs.* 
Promin has also been given a limited clinical trial in tuberculosis* and lep- 
rosy* and the results obtained appear to be somewhat encouraging and 
warrant further study. These led us to undertake a systematic study of the 
various derivatives of 4-aminodiphenylsulphone to try if compounds less 
toxic and more active could not be prepared. 

In this paper we report the synthesis of the first series of compounds 
of types (I) and (IT) wherein R is a hydrogen, chloro, bromo, iodo, hydroxy, 
cyano and substituted amino atoms or groupings. It is proposed to study 


(1) (II) 
the effects of these groupings or atoms on the therapeutic activity and toxicity 
of the compounds. 

To prepare compounds of type (I) attempts were made to synthesise 
the corresponding diphenylsulphide derivatives and then oxidise them to 
the sulphones. But the diazotisation of the easily accessible 4-nitro-4’- 
aminodiphenylsulphide was not smooth. On the other hand, 4-nitro-4’- 
aminodiphenylsulphone underwent diazotisation very smoothly and the diazo- 
group could be converted into a halogen atom and hydroxy group in good 
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yields. For the preparation of the chloro and bromo compounds by the 
Sandmeyer’s reaction best results were obtained by treating the 
diazo solution with the cupric halide, or better a mixture of copper sulphate 
and sodium halide (Hodgson). Treatment of the diazo solution with 
cuprous oxide and alcohol*® yielded 4-nitrodiphenylsulphone. The cyano 
compound could not be prepared by the Sandmeyer’s reaction by treating the 
diazo solution with cuprous cyanide; instead, the fusion of the chloro, bromo 
or iodo compound with cuprous cyanide yielded 4-nitro-4’-cyanodiphenyl- 
sulphone. The hydrolysis of the cyano compound to the carboxylic acid 
was not successful. 
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The nitrodiphenylsulphone derivatives prepared have teen smoothly 
reduced to the corresponding amino compounds (II) with iron dust in acidified 
alcohol or by sodium hydrosulphite. 


4-Nitro-4’-aminodiphenylsulphone condensed with «-picoline in the 
presence of paraformaldehyde to yield the product (III). Similarly, conden- 
sation with 2 : 4-dimethylthiazole and 2-hydroxy-4-methylthiazole yielded 
respectively the compounds (IV) and (V). By employing 4 -nitro-4-amino- 


N 


CH N 


IV. R= HC C-CH,— 


CH, N 
—C C-OH 


diphenylsulphide in the place of the sulphone in the above reactions, the cor- 
responding sulphide derivatives (VI), (VII), (VIII) were obtained. These 
compounds as a class do not crystallise well and do not possess sharp 
melting points. 


non Ss¢ NH-CH:R VI. Ras in III. 


VII. Rasin IV. 
VIIl. 


The therapeutic effects of these compounds in experimental bacteria] 
infections will be reported later. 
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EXPERIMENTAL 


4-Nitro-4'-chlorediphenylsulphone—A fine suspension of 4-nitro-4’- 
aminodiphenylsulphone (11-2g.) in dilute hydrochloric acid (40c.c. of 
concentrated acid diluted with 150 c.c. water) was diazotised with a solution 
of sodium nitrite (3-5 g.) at about 0°C. The diazo suspension was stirred 
for about half an hour more and then added in small portions to a boiling 
solution of copper sulphate (40 g.) and sodium chloride (20 g.) in water 
(150 c¢.c.). Boiling was continued for about one hour more when the 
evolution of nitrogen ceased. The chloro compound that had separated was 
filtered hot, washed with water and crystallised from 59% pyridine. The 
chloro compound was obtained as a microcrystalline product, m.p. 174-75° 
(Found: N, 4:51; 4-91. C,,HsNO,SCI requires N, 4-71%.) 


In the above reaction, the decomposition of the diazonium salt with 
cuprous chloride in hydrochloric acid gave the chloro compound in lower 
yields. 


4-Nitro-4'-hbromodiphenyl sulphone.—4-Nitro-4’-aminodiphenyl sulphone 
(11-2 g.) was diazotised in dilute sulphuric acid as usual and the diazo 
solution treated with a boiling solution of copper sulphate (50g.) and 
sodium bromide (20 g.) in water (100 c.c). On working up the product as 
usual, the bromo compound was obtained (yield, 13 g.) which on crystalli- 
sation from boiling water had m.p. 181-84° (Found: N, 3-76. C,,H,NO,SBr 
requires N, 4-10%). 

4 - Nitro- 4' - icdodiphenylsulphone.—4 - Nitro - 4’ - aminodiphenylsulphone 
(16-8 g.) was diazotised as usual and the diazo solution, after removal of 
excess of nitrous acid with urea, was treated with a solution of potassium 
iodide (33 g.) in 50 c.c. water. After working up the product as usual, the 
iodo compound was obtained (yield, 21 g.). On crystallisation from a 
mixture of pyridine and methanol, it had m.p. 207-08° (Found: N, 3-37. 
C,sH,O,NSI requires N, 3-60%). 


4-Nitro-4'-hydrox ydiphenylsulphone.—4-Nitro-4’ - aminodiphenylsulphone 
(11-2 g.) was diazotised in dilute sulphuric acid solution and the diazo solution 
was divided into 2 parts. One was added to boiling dilute sulphuric acid 
(125 c.c. of 20%), boiled for 1 hour, allowed to cool, the solid filtered and 
dried (yield, 4-8 g.); on crystallisation from benzene it had m.p. 162°. The 
second portion was added to a boiling solution of copper sulphate (25 g.) 
in water (100 c.c.). The hydroxy derivative obtained was contaminated 
with a little tarry product insoluble in alkali. The mass was treated with 
dilute alkali and the alkaline extract after filtration (charcoal) and 
acidifying yielded a purer product (3-5 g.) which was crystallised from 
benzene (Found: N, 4-88. C,,H,O;NS requires N, 5-02%). 
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4-Nitrodiphenylsulphone——This compound has been prepared by 
Ullmann and Pasdermadjian® by the action of benzenesulphinic acid on p- 
nitrochlorobenzene. The following method is very convenient. 


Finely powdered 4-nitro-4’-aminodiphenylsulphone (16-8 g.) in alcohol 
(75 c.c.) containing sulphuric acid (8 c.c.) was diazotised with a concentrated 
solution of sodium nitrite (4-8 g.). More alcohol (75 c.c.) was added to the 
paste now and then to secure uniform mixture. After 30 minutes copper 
bronze (1-8 g.) was added, mixed well, allowed to stand at room tempera- 
ture for one hour, gradually warmed and then refluxed on the steam-bath 
for 2 hours. The hot solution was filtered, the residue washed twice with 
boiling alcohol and on removing the solvent from the combined filtrates, a 
deep yellow solid (15-5 g.) was obtained. On crystallising from benzene- 
ligroin it had m.p. 141-142°. When copper suboxide (commercial) was 
used in the place of copper bronze in the above experiment, the reaction pro- 
ceeded in the cold and was complete in about one hour. 


(or 
the bromo or iodo derivative) (0-5g.) and cuprous cyanide (0-3 g.) 
were intimately mixed and heated at 220~-30° for 1 hour. The cyano com- 
pound was extracted from the colored reaction mixture by acetone. The 
crude compound obtained (m.p. 208-09°) on sublimation in vacuo was 
obtained as a microcrystalline product, m.p. 213° (Found: N, 9-76. 
C,,H,N.O,S requires N, 9-72%). 

4-Amino-4'-R-diphenylsulphones—The above described nitrodiphenyl- 


sulphones were reduced to the corresponding amino compounds by the fol- 
lowing two methods: 


1. The nitro compound dissolved in alcohol acidified with hydrochloric 
acid was treated with iron dust and the mixture refluxed for about 3 hours. The 
hot mixture was filtered hot and the iron sludge washed with little more boil- 
ing alcohol. On removal of the solvent from the combined alcoholic fil- 


trates, the amino compound separated which was crystallised. The yield 
was very good in all cases. 


2. The nitro compound suspended in about 5-6 times of boiling alcohol 
was treated with an aqueous suspension of sodium hydrosulphite (3-4 times 
the weight of the nitro compound) in water. The mixture was refluxed for 
1/2 hour and treated with a little more hydrosulphite. The mixture was diluted 
with water, just acidified with hydrochloric acid, heated to boiling and allowed 
to stand. The amino compound separated and more of it was obtained by 


concentration of the mother liquor. The yield of the amino compound 
by this method is also good. 
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The amino compounds obtained are listed in the following table. 


4-Amino-4'-R-diphenylsulphone 


Nitrogen % 


Acetyl Deriv. 
m.p. 
Found Required 


175-76° 195° 
184-85° 188-90° 
192-95° 181-85° 
216-18° . : 205-08° 
161-639 265°2; 173~-74°% 
175-76 


1 Raiziss et al.? record m.p. 193-94° for this product prepared by the hydrolysis of the 
acetamino compound. 


2 4-Acetamino-4’-hydroxydiphenylsulphone ; Raiziss et al.? record m.p. 
3 4-Acetamino-4’-acetoxydiphenylsulphone ; Raiziss et al.” record m.p. 


4-Nitro-4'-(a-pyridy!)-ethylaminodiphenylsulphide (V1).—A mixture of 
freshly distilled a-picoline (3-5 g.), xylene (20 c.c.) and 4-nitro-4’-aminodiphenyl- 
sulphide (8-2 g.) was heated to 120° and paraformaldehyde (1-2 g.) added 
during 10 minutes. The clear red solution was maintained at that tempera- 
ture for 20 minutes when a crystalline yellow solid separated. The mix- 
ture was cooled, diluted with etiier, the solid scraped out and washed with 
hot methanol (yield, 7-0g.). It was dissolved in hot pyridine and diluted 
with acetone; thus a purer product m.p. 197-198° was obtained (Found: 
N, 11-01; 11-31; C,gH,,N,0.S requires N, 11-96 per cent). 


_ethylaminodiphenylsulphide (VIT).— 
4-Nitro-4’-aminodiphenylsulphide (7-8 g.) and 2: 4-dimethylthiazole (4-8 g.) 
in xylene (30 c.c.) was treated with paraformaldehyde (1-5 g.) at 120°. The 
yellow solid obtained on working up was crystallised from dioxane (yield, 
6-6 g.); m.p. 194-195° (Found: N, 10-95; C,,H,,N;O0.S requries N, 11-32 
per cent.). 


4-Nitro-4’-[4"-methyl-(2") (1V).—4- 
Nitro-4’-aminodiphenylsulphone (5-6 g.) and 2: 4-dimethylthiazole (2-5 g.) 
in xylene (25c¢.c.) was condensed with paraformaldehyde (1-5 g.) at 120°. 
The crude yellow solid obtained (2 g.) was crystallised from acetic acid, 
m.p. 245° (Found: N, 10-19; C,,H,,N,O,S, requires N, 10-42 per cent.). 


R | m.p. 
H 
ral 
Br 
I 
OH 
CN 
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4-Nitro-4'-[2"-hydroxy-4"-methyl (5”) - thiazolvl] - methylaminodiphenvylsul- 
phone (V).—2-Hydroxy-4-methylthiazole (4-0g.), 4-nitro-4’-aminodiphenyl 
sulphone (8-3 g.), paraformaldehyde (1:5 g.) and anhydrous zinc chloride 
(1 g.) in glacial acetic acid (20 c.c.) was warmed at 60--65° for 2 hours, raised 
to and maintained at 90° for 15 minutes, cooled and diluted with ice water. 
The yellow solid obtained was filtered and boiled with hot methanol, filtered 
and diluted with water. The solid that separated was filtered, washed and 
dried (yield, 8g.) ; m.p.170-75° (with previous sintering) (Found: N, 
9:79; C,,H_;N,O,S, requires N, 10-37 per cent.). 

4-Nitro - - (2”-hydroxyl 
phide (VIIT).—This was prepared as above using 4-nitro-4’-aminodiphenyl- 
sulphide in the place of the sulphone. It was dissolved in cold acetone, 


filtered and diluted with methanol; m.p. about 170° with sintering from 
140° (Found: N, 11-02; C,,H,;N,0,S, requires N, 11-22 per cent.) 


The last two compounds are insoluble in alkali. 


We thank Lt.-Col. S. S. Sokhey, Director, for his kind interest in these 
investigations and also the Lady Tata Memorial Trust for the award of a 


of scholarship to one of us (A. V.). 
SUMMARY 
- Starting from 4-nitro-4’-aminodiphenylsulphone, by diazotisation and 
- further transformation, the corresponding 4’-chloro, bromo, iodo and hydroxy 
h compounds were obtained. For the preparation of the chloro and bromo 
d compounds it was found to be advantageous to treat the diazonium salt 
; with an aqueous solution of copper sulphate and sodium halide. Treat- 
ment of the diazo product with cuprous oxide or copper bronze in alcohol 
yielded 4-nitrodiphenylsulphone. The 4-’cyano-compound could not be 
i prepared smoothly by the Sandmeyer’s reaction but only by fusing the 4’- 
) halo derivative with cuprous cyanide. All the nitro-compounds were smoothly 
e reduced to the amino derivatives by means of iron dust in acidified alcohol 
; or sodium hydrosulphite. Compounds of formula (III) to (VIID) have 


been prepared by treating 4-nitro-4’-aminodiphenylsulphone and 4-nitro- 
4'-aminodiphenylsulphide each with a-picoline, 2: 4-dimethylthiazole and 
2-hydroxy-4-methylthiazole respectively in the presence of paraformalde- 
hyde. 


- "| 
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ADSORPTION OF MERCURIC CHLORIDE BY 
COLLOIDS—PART I 


By Y. V. LAWANDE AND D. D. KARVE 
(From the Departments of Chemistry, St. Xavier’s College, Bombay and Fergusson College, Poona) 


Received June 16, 1944 


MICHAELIS AND RONA! (1920) distinguish between the adsorption of non- 
electrolytes and strong electrolytes by introducing the terms apolar and 
polar adsorption. According to them an apolar adsorption is the adsorp- 
tion of non-electrolytes and weak electrolytes by different kinds of adsorbents 
and also that of strong electrolytes by charcoal, where both ions are taken 
up in equivalent amounts. On the other hand a polar adsorption is 
that adsorption where cations and anions of electrolytes are not taken up 
in equivalent amounts. M. A. Rakuzin and A. N. Nesmejamev? (1923) 
studied the behaviour of aqueous and alcoholic solutions of HgCl, and they 
found that kaolin and aluminium hydroxide do not adsorb HgCl, from 
aqueous solutions. In the present work the adsorption of HgCl, by colloids 
such as activated gels of ferric hydroxide, silica, aluminium hydroxide and 
a variety of activated carbon—acticarbon, has been studied in aqueous 
solution at different temperatures. 


EXPERIMENTAL 


The different gels of Fe (OH);, silica gel and Al(OH), were prepared by 
the method given by Holmes in his Laboratory Manual of Colloid Chemistry 
and they were activated by dry air at 150° C. for four hours. The adsorption 
experiments were carried out in a thermostat by taking different molar con- 
centrations of aqueous HgCl, and adding 1 gram of the adsorbent to each 
solution. The mercuric chloride taken was Merck’s extra pure quality. The 
contents of the flasks were shaken constantly by a shaker kept in the 
thermostat. After 12 hours the solutions were filtered and Hg and Cl ions 
were estimated gravimetrically. Side by side blank experiments were also 
carried out. 

The effect of the addition of a strong electrolyte on the adsorption of 
HgCl, was studied by adding sodium chloride (1 gram) to each solution. 
After adsorption by the colloids the amount of Hg ions was estimated gravi- 
metrically. 


1. Biochem. Zeitschr, 1920, 102, 268. 
2. Miinch. Med. Woch., 1923, 70, 1409-10. 
Aé 
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TABLE I 
Adsorption of HgCl, by ferric hydroxide gel at 30° C. 


G dy 


2 0-0292 
“15 0-0180 
“1 0-0034 
05 0-0016 
01 — 0-0082 


Where C, is the initial concentration in mols of HgCl,, Yg9° is the amount 


of Cl ion adsorbed in grams and dy,,° the excess of Cl ion in grams adsorbed 
over corresponding Hg ion. 


TABLE I] 
Adsorption of HgCl, by silica gel at 30° C. 


TABLE III 
Adsorption of HgCl, by acticarbon at 30° C., 40° C. and 50° C. 


0-3372 
0-2945 0-0135 
0-2541 0-0107 
0-1825 
0-0583 


Adsorption of HgCl. in presence of NaCl by Fe(OH), gel at 30° C. 


6+3x 10 


42 
th 

} 
B 0 
0 ar 
E 0 th 

ac 
$0 

| 
of 
| 
| Cy | | 99° 
A 0-2M 0-0832 | 0-0333 tl 

B 0-15M 0-0476 0-0282 
Cc 0-1M 0-0288 | 0-0171 it 
D 0-05 M 0-0170 0-0100 
E 0-01 M 0-0029 | — 0-0011 ( 
h 
| 
Cy Y 30° | dy 59° 
t! 
: A | O-2M | 0-3222 | 0-3382 0-0259 | 0-0240 
B | O-15M | 0-2916 | 0+2936 0-0146 | 0-0155 t 
Cc O-1M | 0+2525 | 0+2539 0-0124 | 0-0123 i 
D 0-05M | 0-1851 | 0-1833 -| 90-0006 | 0-0004 
E 0-01M | 0-0586 | 0-0593 —0-0004 |—0-0004 
TABLE IV t 
| a 
Cy a a’ | x | x’ i 
( 
A 0°2M 4-27x 10 0-1002 | 0-0932 
B 0-15M 10 00951 0-091 
ro 0-1M 6-78x 10 0-0831 
D 0-05 M 10-7 x 10 00587 0-0370 
E 0-01 M 31-5 x 10 0-0419 | 0-0267 
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Where « and a’ are respectively the degrees of dissociation before and after 
the addition of NaCl and X and X’ are the amounts adsorbed of the Hg ion 
before and after the addition of NaCl. 


DISCUSSION OF THE RESULTS 


Generally the adsorption of non-electrolytes and weak electrolytes is 
apolar, but in the case of HgCl,, which is a very weak electrolyte, we find 
that although it is not very strongly adsorbed, its adsorption is 
polar. From the results obtained it can be seen that there is a preferential 
adsorption of Cl ions by these adsorbents and in moderately concentrated 
solutions the adsorption of HgCl, is found to be polar, i.e., Hg and Cl ions 
are not adsorbed in equivalent amounts. However, as the concentration 
of HgCl, decreases, the adsorption tends to be apolar and between the con- 
centrations of 0-01 M and 0-05 M, the adsorption is apolar. In the case of 
Al(OH), there is no adsorption of HgCl, at all. 


In the adsorption of solutions of electrolytes the electrical charge on 
the particles of adsorbents plays an important part. It is well known that 
the adsorbent tends to take up that ion which bears a contrary charge to 
itself. In the present case the charge on the particles was determined by the 
cataphoretic experiments and adsorbents used were of three types: 
(1) Acticarbon—neutral, (2) Silica gel—negatively charged and (3) ferric 


hydroxide—positively charged. In the adsorption of HgCl, by all these 
adsorbents there is a preferential adsorption of Cl ions the amount of which 
varies according to the charge on the particles and hence also the con- 
centrations at which the adsorption tends to be apolar. In dilute condition 


the adsorption of HgCl, obeys Freundlich’s isotherm = kes, but the 


temperature has very slight effect on the adsorption, as can be seen in the 
case of acticarbon. 


On the addition of NaCl which is a strong and highly dissociated electro- 
lyte, to the HgCl, solution the Cl ion concentration is increased and therefore 
the dissociation of HgCl, is arrested to a great extent. Mercuric chloride 
undergoes extremely little ionization when dissolved. Now when NaCl is 
added to the HgCl, solution, it dissociates into Na+ and Cl- ions, the Hg 
ion in presence of excess Cl ions may form complex anions such as HgCl, 
(HgCl, + Cl - HgCl-,) or HgCl, (HgCl, + 2Cl- + HgCl-,). From the 
results obtained, this theory of complex ion formation is supported because 
it can be seen that the adsorption of Hg ion is decreased to a certain extent 
and this must be due to the formation of complex ions of mercury which are 
less adsorbed than Hg ions. So the adsorption of HgCl, is decreased by 
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the presence of NaCl and this is noteworthy since the poisoning effect of 
the mercuric chloride is lowered to a corresponding degree by this chloride, 


The results of the adsorption of HgCl, in other solvents will be published 
later. 


SUMMARY 


The adsorption of the HgCl, of different concentrations by colloids 
such as dry gels of ferric hydroxide, silica gel, aluminium hydroxide and 
acticarbon was investigated in order to study the nature of the adsorption 
of HgCl,. It is found that at dilute concentrations of HgCl, the adsorption 
tends to be apolar, while at higher concentrations the adsorption is polar. 
The addition of a strong electrolyte such as sodium chloride retards the 
adsorption of HgCl, due to the formation of complex anions of mercury, 
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LUMINISCENCE IN THE SOLID STATE— 
BORIC ACID AS BASE 


Part I. Phenolic and o-Hydroxy-Carbonyl Compounds as Activators 


By K. NEELAKANTAM AND M. V. SITARAMAN 
(From the Departments of Chemistry, Andhra University and Presidency College, Madras) 


Received September 21, 1944 


LUMINISCENT bodies derived from boric acid as base and different organic 
compounds as activators (U. V. light excitation) have been prepared either 
by fusion or intensive drying of the mixture and studied by various workers, 
Tomaschek,’*? Tiede et Zhirov,* Vinokurov and Levshin,’ Chause,°® 
and Tugarinov’. Their results and conclusions may be summarised thus :— 
(a) the phosphorescence of ordinary boric acid under U. V. excitation is 
due to traces of organic matter*; (4b) phosphors could be prepared using 
boric acid itself, partially dehydrated boric acid as well as the fully 
dehydiated form, boron trioxide*; (c) the best results are obtained with 
partially dehydrated boric acid*; (d) the phosphors lose their ability to 
luminesce on prolonged exposure to air (hydration) as well as on intense 
dehydration, the luminiscence of the boric acid and boron trioxide phosphors 
is generally weaker than that of the partially dehydrated form®; (e) the 
luminiscence is greatly reduced by exposure to oxygen’; (f) a wide variety 
of organic compounds could serve as activators*; (¢) compound formation 
between activator and base is not only possible but also probable in some 
cases*; (h) the organic molecule (activator) is the sole cause of the lumi- 
niscence and is also the sole carrier of the light effect, the boric acid provid- 
ing the necessary physical conditions*; (i) the phosphors are similar to solid 
solutions’; (j) some of these phosphors exhibit both fluorescence and 
phosphorescence®; (k) the properties of these phosphors differ in several 
respects from those of the impurity-activated metallic phosphors and the 
mechanisms of luminiscence are also sharply distinguished™; (/) the radiat- 
ing centres of long and short duration are different’; (m) structurally the 
phosphorescent centres of boron trioxide phosphors differ from those of the 
boric acid phosphors and both from the sulphide phosphors‘; (m) some 
correlation is possible between the constitutional features of the activators 
and the colour and intensity of the phosphorescence*; (9) no relationship 
seems to exist between the fluorescing capacity of a substance when pure 
and the after-glow with boiic acid as base.* 
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Neelakantam ef a/,® recently reported that boric acid activated the 
fluorescence of various types of o-hydroxy-carbonyl compounds dissolved 
in concentrated sulphuric acid. This activation consisted of a marked in- 
tensification of the fluorescence exhibited by them in daylight or under 
filtered U.V. light. In several cases fluorescence appeared only on the 
addition of boric acid, the solutions (H,SO,) of the compounds themselves 
being non-fluorescent. This effect was shown to be characteristic of o- 
hydroxy-carbonyl compounds, and no such intensification was observed 
with phenolic compounds. Some o-hydroxy-carbonyl compounds, ‘how- 
ever, gave negative results. No phosphorescence was noticed in any case 
under the experimental conditions adopted. Perhaps such effects could 
not be expected under these conditions since phosphorescence is generally 
confined to the solid state, although it may appear if the viscosity is very 
high.® The mechanism of this “fluorescence effect” is not clear but 
Neelakantam et al., assumed the formation of a chelate boron compound 
in the following manner :— 


OH 
—-O-H 


(R =H, OH, OCHs or alkyl.) 


The function of the sulphuric acid is obviously that of a dehydrating agent 
and it has been shown that with resacetophenone, this acid could be replaced 
by phosphoric acid. Dehydration, could also be effected by fusion of the 
boric acid and the organic compound together and consequently it is of 
interest to determine if such fluorescence intensification (activation) occurred 
in the solid state also. This investigation, however, could not be under- 
taken for want of facilities at present for measurement of the relative inten- 
sities of fluorescence of the organic compound with and without the activat- 
ing boric acid. 

The work of Tomaschek, Tiede et ail., and others (Joc. cit.) showed that 
several kinds of organic molecules activated the phosphorescence of boric 
acid under U.V. excitation. In the comprehensive investigation of Tiede 
et al. the relative intensities (qualitatively) of phosphorescence with different 
activators are recorded but not the duration of after-glow in each case. 
These authors found that generally the \after-glow period does not exceed 
two minutes, the greatest diminution in intensity being observed during the 
first thirty seconds. The data, however, are insufficient to enable a distinc- 
tion to be drawn regarding the relative efficiencies of different types of com- 
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pounds as activators, efficiency being determined by both intensity and dura- 
tion. As has already been stated these authors considered that in several 
cases it was not only possible but also probable that the activators reacted 
with the base (boric acid) to form compounds.* Boric acid reacts with 
phenolic compounds forming simple esters and with o-hydroxy-carbonyl 
compounds chelate structures. Further, in the free state the latter compounds 
are generally chelated (intramolecular hydrogen bond) whereas with the former 
intermolecular hydrogen bond formation is the general rule. Since the orga- 
nic molecule is regarded as the sole carrier of the light effect, the boric acid 
providing only the necessary physical conditions,* it is of interest to enquire 
if any difference in luminiscence is exhibited by the two different structures. 
Such a study would throw light on the mechanism of the luminiscence. It 
may be pointed out here that in the “ fluorescence effect” of Neelakantam 
et al. the simple phenolic compounds behaved differently from the o-hy- 
droxy-carbonyl compounds, though chemical reaction with boric acid is 
possible in both cases. In view of the close relationship of fluorescence and 
phosphorescence both of which are probably phases of the same phenomenon, 
the present investigation has been undertaken with a view to compare the 
relative efficiencies of the phenols and phenolic compounds on the one hand 
and o-hydroxy-carbonyl compounds on the other as activators of phosphores- 
cence of boric acid under U.V. excitation. The examination is purely qua- 
litative. Further, Tomaschek? stated that generally no relationship seems 
to exist between fluorescing capacity of a substance and the after-glow of 
the phosphor prepared with boric acid as base, i.e., its efficiency as an acti- 
vator. In this investigation, therefore, the authors noted the fluorescence 
of the activator as well as that of the luminiscent product to verify this 
statement. 


Tiede et al.* reported the best results obtaind in the several cases after 
a series of experiments with each activator under different conditions. In 
order that the results may be comparable, the present authors adopted the 
same procedure in all cases. 


Luminiscence in the Solid State—Boric Acid as Base=TI 


The present investigation has been carried out using various types of 
hydroxy-carbonyl compounds, those in which the two groups are ortho 
to each other as also those in which they are in other positions, and 
simple phenols. 


EXPERIMENTAL 
U.V. Light—A mercury arc enclosed in a cabinet provided with an 


U.V. filter which transmitted mostly in the U.V. and a little in the violet- 
blue region was employed for exciting luminiscence. A small box with 
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darkened walls placed near the cabinet was used for observations of phos- 
phorescence. All the observations were made in a dark room. 


Boric Acid—A specially purified sample of boric acid which after 
fusion phosphoresced very feebly after excitation under U.V. was employed 
as only a qualitative comparison was aimed at in this investigation. 


Soluticns.—Solutions of the various compounds were prepared by 
dissolving weighed quantities in alcohol and making upto volume with 
the same solvent. If the substance gave a colourless solution, 25-0 mg., 
and if coloured, 5-0 mg., were weighed out for 25-0 c.c. of the solution. 
Aliquots ranging from 1-0 to 0-01 cc. were measured out by means of a 
graduated 1-0 cc. pipette. © 


Procedure.—Boric acid (1:0 g.) was weighed out into a silica crucible 
and the solution of the activator pipetted into it. In the case of the smaller 
volumes, a little of the pure solvent was added to moisten the whole of the 
solid. The contents were dried and heated gradually in an electric furnace 
until fusion occurred (200°C.). As soon as the contents formed a clear melt, 
the crucible was taken out, rapidly cooled under an electric blower and plac- 
ed in a desiccator. The melt was then powdered and placed in a previously 
dried glass tube which was immediately sealed. There was no visible 
decomposition of the organic molecule in any case. 


Generally with each activator the luminiscent bodies were prepared 
with a series of th.ee different concentrations, namely, 1-0, 0-1 and 0-01 mg. 
or (-2, 0-02 and 0-002 mg. per 1-0 g. of boric acid according to the depth 
of colour of the solution. 


The sealed tube was placed in the filtered U.V. light for one minute 
and immediately transferred to the box and the colour, intensity and period 
of after-glow determined by visual observation and with the aid of a stop- 
watch. Observations of relative intensities are only qualitative. The 
fluorescence of the activator in the solid state was examined either by expos- 
ing the solid placed on the lid of a silica crucible or in the sample tube itself 


to filtered U.V. light. 
RESULTS 


The results obtained are given in the tables at the end of the paper. 
The figures given in brackets under phosphorescence indicate the period 
of after-glow. 


Fluores. ence Reaction in Sulphuric Acid.—The method of testing adopted 
was as already described.® 


1-Hydroxy-2-naphthoic acid.—Dissolved in concentrated sulphuric 
acid, it gave a pale yellow solution which was non-fluorescent in daylight 
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but gave a tright blue fluorescence under filtered U.V. light. On the addi- 
tion of boric acid it gave a pale violet fluorescence, visible in daylight itself 
and an intense violet fluorescence under U.V. 


2-Hydroxy-3-naphthoic acid——tIn concentrated sulphuric acid it gave a 
pale yellow solution with no fluorescence in daylight and a yellow fluores- 
cence under filtered U.V. On the addition of boric acid, there was no 
fluorescence in daylight but under U.V. a deeper yellow fluorescence was 
obtained. The intensification was quite marked. 


DISCUSSION 


(1) The results now obtained show that generally the colour of 
fluorescence of the activator in the solid state and that of the luminiscent 
body prepared with it are different, ie., the fluorescence occurs in different 
parts of the spectrum. Further an activator need not itself be fluorescent 
and several compounds which are themselves non-fluorescent under U.V. 
light do activate phosphorescence. The best phosphors are, however, ob- 
tained with some of the compounds which are markedly fluorescent, 
for example, the umbelliferone derivatives which fluoresce in alcoholic 
solution even in daylight. Even among these compounds 4: 8-dimethyl- 
umbelliferone which is non-fluorescent both in the solid state under U.V. 
and in alcoholic solution in daylight gives as good results as 4-methyl-um- 
belliferone which possesses a deep violet fluorescence both in the solid state 
under U.V. and in alcoholic solution in daylight. Thus there seems to be 
no relationship between the fluorescing capacity of the activator and its 
ability to activate phosphorescence. This conclusion is in agreement with 
the statement of Tomaschek.? 


(2) There seems to be no marked distinction as activators between the 
o-hydroxy-caibonyl compounds on the one hand and the simple phenols, 
and hydroxy-carbonyl compounds in which the two groups are not in ortho 
positions on the other. Umbelliferone and its derivatives which do not con- 
tain the o-hydroxy-carbonyl group yield the best phosphors both as regards 
intensity of phosphorescence as well as duration of after-glow. Of the com- 
pounds containing this group only 1-hydroxy-2-naphthoic acid yields 
similar results and the rest behave as do the simple phenols. It may be re- 
called that a marked distinction exists as regards intensification of fluores- 
cence in sulphuric acid solution brought about by the addition of boric acid 
between the two classes, the phenols and o-hydroxy-carbonyl compounds. 
Thus there is no parallelism between phosphorescence activation and the 
intensification of fluorescence with boric acid. 
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(3) Tiede and others have shown that phosphorescence can also be 
activated by hydrocarbons which can form no compounds with boric acid. 
Tiede et al., however postulated that with certain other types of activators 
chemical reaction with boric acid is not only possible but also probable. The 
results reported now, however, can be interpreted in three different ways, 
viz., (a) assuming chemical reaction to occur, the type of compound formed, 
chelate or ester, does not have much effect on the luminiscence, (4) no chelate 
boron compounds are formed by the o-hydroxy-carbony! compounds with 
boric acid in the molten state so that both phenols and these compounds 
yield ester-like compounds and hence behave similarly, and (c) compound 
formation is not an important factor in activation. The evidence for the 
postulate of Tiede is based on analogy with the formation of pyroborace- 
tate complexes in acetic anhydride solutions suggested by Dimroth et al., 
and the mixed anhydrides of boric acid with organic acids reported by 
Pictet.'2 To explain the colour changes which occur when many a- 
hydroxy-anthraquinones dissolved in sulphuric acid are treated with boric 
acid, Feigl and Krumholz!* assumed the formation of inner-complex (chelate) 
compounds. Neelakantam ef al.8 have also assumed the formation of 
the chelate structures to explain the “ fluorescence effect”. The available 
evidence, however, is scanty and hence no definite conclusion could be drawn 
regarding the relationship between the type of compound formed and its 
effect on activation of luminiscence. 


(4) Generally the intensity of phosphorescence diminishes with 
decreasing concentration of activator but the period of after-glow increases. 
With umbelliferone and its derivatives as well as 1-hydroxy-2-naphthoic 
acid both intensity and after-glow period diminish with decreasing 
concentration of activator. I[t is remarkable that all these compounds are 
also strong activators. When the phosphorescent preparations with these 
activators were exposed to filtered U.V., both fluorescence and: phos- 
phorescence were found to occur simultaneously; while the exposed 
part fluoresced, phosphorescence occurred from the portions not directly 
exposed to the light. 


(5) As has been stated already the umbelliferone derivatives gave the 
best phosphors. In this connection it is of interest to note that some of the 
best known examples of organic compounds which fluoresce in daylight in 
the solid state itself are coumarin derivatives (Seshadri et al.’), Thus it 
appears that the a-pyrone structure possesses marked luminescence capacity. 


(6) An interesting observation is the difference in behaviour of 
1-hydroxy-2-naphthoic acid and 2-hydroxy-3-naphthoic acid as activators 
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of phosphorescence of boric acid. While the former is a powerful acti- 
vator the latter is weak in this respect. Tiede also reported similar results 
with these two compounds. Since both of them contain a hydroxyl ortho 
to the carbonyl group and are closely related, they may be expected to be- 
have similarly. Both compounds in fact behave similarly in the fluorescence 
reaction and resemble other o-hydroxy-carbonyl compounds in this  res- 
pect but they differ markedly as activators of phosphorescence. An 
examination of their constitutions, however, indicates that an explanation 
may be offered on the following lines:—According to current ideas the 
double bonds of naphthalene are not free to migrate and at least in one 
part of the molecule they are fixed, as shown below :— 
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1-hydroxy-2-naphthoic acid and 2-hydroxy-3-naphthoic acid then have the 
respective structures I and IIT shown below:— 
OH 


OOH 


H 


OOH 


(1) (II) 
It is well known that molecules which readily form chelate rings with 


hydrogen or metals contain the group: —C (OH) = ¢—co—™ Structure 
(I) contains this group but not (II) and this explains the difference. Should 
this be the sole cause of the difference in activating ability then it indicates 
some connection between ability to form an intra-molecular hydrogen bond 
and activation. There is evidence for the existence of both inter- and intra- 
molecular hydrogen bonds in the solid state. Further it is known 


that even when the molecule contains the —C(OH)= c_co— group, 
hydrogen bond (chelate) formation may be impossible fox steric reasons. 
Pexhaps this explains the differences among themselves of o-hydroxy-carbonyl 
compo:inds as activators. It may be pointed out in this connection that even 
in the “ fluorescence test’ some of these compounds give a negative reac- 
tion. However, the evidence available at present is not sufficient to arrive 
at any definite conclusion. 


The authors wish to express their grateful thanks to Professors B. B. 


Dey and T. R. Seshadri for their kind interest in this work and valuable 
discussions. 
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STUDIES IN INORGANO-ORGANIC GELS IN PINENE 


Part II. Gels of the Sodium and Potassium Soaps of Oleic, Stearic 
and Palmitic Acids in Pinene, and the Factors which 
influence their Time of Setting 
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THE time of setting is the main property which characterises a gel. A search 
through literature shows that although in recent years the measurements 
on the time of setting have been made in the case of several inorganic gels, 
very little information is available in the case of organic gels in spite of the 
fact that their preparation was known fora long time. This is probably so 
because in the case of the inorganic gels all the processes involved in the 
setting operation take place at the same temperature and hence the time of 
setting has a definite value at a constant temperature. In the case of the 
organic gels, the transformation of the solution of the gel-forming substance 
into a gel takes place either by cooling or heating the solution and hence 
it is impossible to determine the time of setting of these gels at one fixed 


temperature. Prasad! suggested that the time of setting in the case of organic 
gels could be defined as the time taken by a ge!-forming system to set when 
it is allowed to cool from one fixed temperature to another fixed temperature. 
The same procedure has been adopted by Olsen? and others for the measure- 
ment of the time of setting of gelatin gels, but its definition is not clearly 
stated in any of these publications. 


It has been reported* that the gels of sodium and potassium soaps of 
oleic, stearic and palmitic acids in pinene have been prepared by the authors 
for the first time. This investigation deals with the measurement of the time 
of setting of these gel-forming systems. The concentration of the gel- 
forming substance as well as the temperature at which the system is allowed 
to set have a profound influence on the time of setting. Several workers 
have noted marked changes in the structure of the gels on varying the 
concentration and temperature. Therefore, the effects of soap content as 
well as of temperature on the time of setting of these gel-forming systems 
have been determined. 


Some of the important methods employed for the determination of the 
time of setting are due to Flemming,‘ Fells and Firth,’ Hurd and Letteron® 
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and Prasad and Hattiangadi.? None of them gives the exact time at which 
all the processes involved in gelation are complete; it appears that the pro- 
cess of gelation nearly reaches its maximum of activity when the gel-forming 
system is considered to have set by the abovenamed methods, whereas the 
final slow changes continue for a long time afterwards. Prasad and 
Parmar® have shown that the above-mentioned methods give values widely 
different from each other, and are therefore useful for comparative purposes 
only. In the present investigation, Flemming’s method has been employed 
for the determination of the time of setting. It consists in measuring the 
time which the gel-forming system takes to reach a consistency when it will 
not flow out of the container when it is inverted. 


EXPERIMENTAL 


Sodium oleate and sodium stearate used in this investigation were 
Merck’s pure products. Sodium palmitate and the potassium soaps of 
oleic, stearic and palmitic acids were prepared in the laboratory according 
to standard methods. The pinene used in the preparation of the gels was 
obtained from Messrs. Eastman Kodak & Co., and was the fraction distilling 
off at 156°. 


The gels in pinene were prepared in the same manner as described in 
Part I of this series.* Test-tubes containing gel-forming solutions of either 
soap in pinene at about 140° were placed in a water-thermostat at a constant 
low temperature. The system was examined at different intervals of time to 
see whether the solution flows out of the tube or not. When the solution 
did not flow out of the tube on inverting it, it was considered to have set to 
a gel. The exact time of setting of the system was determined by repeating 
this process, each time disturbing the system as little as possible. The 
results obtained are given in the following tables in which the time of setting 
at a temperature means the time required to set when cooled from 140° to 
that temperature. 


DISCUSSION OF RESULTS 


It will be seen from the foregoing results that the time of setting of gels 
of sodium oleate, sodium stearate, sodium palmitate, potassium oleate, 
potassium stearate and potassium palmitate in pinene decreases as_ the 
amount of the soap in the system is increased. The manner in which the 
time of setting decreases with an increase in the amount of the soap content 
1s shown in the case of sodium oleate gels by various curves in Fig. 1. It 
will be noted that all the curves are very steep in the beginning but, later on, 
the changes become very slow and gradual. 
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TABLE I. Time of Setting of Sodium Oleate Gels in Pinene 


60° 


70° 


A 
(in g.) 
0-01 


Does 


setting not not not not 
after 25’ set set set set 
0-02 3’ 45” S’ 45” 20’ 0” | No tendency es a 
to set for 


40’ 
0-03 25’ 0” 


No tendency 


to set for 
14 hrs. 
0-04 ¥ ¢ 4 0° 6’ 0” 17’ 0” 23’ 0” No setting 
for 1 hour 
0-05 2 ss" 3’ 30” i? 30’ 


0-10 2’ 20” 2’ 40” 3’ 15” 4’ 30” 5’ 50” 6’ 
0-15 4 2 iT’ 2’ 36” 3” 10” 4 0” 4° 45” 
0-20 1’ 42” is = > 4 15” 
0-25 1° 25” 1’ 40” 1’ 48” z= 25? 

0-30 35° 1’ 50” 2°12" 

0-40 1’ 8” 1’ 50” 

0-45 0° 55” 4 Pils? 1’ 40” 


TABLE II. Time of Setting of Sodium Stearate Gels in Pinene 


70° 80° 


40° 


0-25 2’ 30” 2’ 50” 3° 15” 3’ 40” 5’ 50” 
0-30 255" 2’ 52° 3° 10” ¥ 0’ 
0-35 2’ 35” 2’ 50” 15" 

1’ 40” 2’ 20” 2° 35" 


TABLE III. Time of Setting of Sedium Palmitate Gels in Pinene 


A 40° 50° 60° 70° 80° 
in g. 
0-10 10’ 50” Sets to 
0” 


0-25 oF 4° 35” 6’ 30” 


] 
0-30 2’ 18” 2’ 40” 3’ 30” 6’ 10” 12" 30" 
0-35 2’ 0 2’ 10” +. of 15” 
0-40 1’ 45” 1’ 55” 2’ 10’ “ 
0-45 1’ 45” 
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| a loose 
gel 
Sets to 
a loose 
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Taste IV. Time of Setting of Potassium Oleate Gels in Pinene 


A 40° 50° 60° 70° 80° 
(in g.) 

0-10 2’ 20” 2’ 58” 3’ 30” 4 6° a 

0-15 2 20° 3’ 26” 4° 15” 
0-20 2’ 10’ 18" 2’ 48” 3° 30° 
0-25 1’ 50” = € 2’ 50° 
0-30 1’ 42” 1’ 50” yi | 2’ 10° 2’ 24” 
0-35 i 1’ 46” 21s 
0-40 1’ 29” 1’ 40” 1’ 45” 
0-45 1’ 24" 1’ 32” 1’ 40” 1’ 48” 1’ 58” 


TABLE V. Time of Setting of Potassium Stearate Gels in Pinene 


A 40° 50° 60° 70° 
(in g.) 

0-08 T ¥# 9’ 33” 13’ 45° 20° 48° 
0-09 4’ 40” 6’ 30” 9 5” 12’ 55” 
0-10 4’ 48” & 9’ 35” 
0-15 2’ 36” 3° 26” 4’ 30” 6’ 19” 
0-20 2’ 45” 3’ 48” 8° 
0-25 1’ 24” 1’ 57” 2’ 40” 3° 38° 


Taste VI. Time of Setting of Potassium Palmitate Gels in Pinene 


_A 30° 40° 50° 60° 
(in g.) 

0-08 12’ 25” Very loose Does not Does not 
setting set set 

0-09 9’ 55° 14’ 5” 

0-10 5’ 30° 1123? Loose ys 

setting 
0-15 2’ 45” 4’ 20° eS Loose 
setting 
0-20 af 33° z 40” 3¢ 9’ 
0-25 0’ 45” 1’ 30” 2°38” 5’ 0” 


It will be observed from Tables I to VI that the time of setting of gels 
containing the same amount of the soaps increases as the gel-forming solu- 
tions are allowed to cool at higher temperatures. It was observed that if 
this temperature was 100° and above, the gel-forming solutions did not set at 
all. These observations are similar to those made by Pleass!® and Olsen? 
in the case of gelatin gels. 


Hurd and Letteron® found that the variation of the time of setting of 
silicic acid gels with temperature could be represented by Arrhenius’ equation 
in which the time of setting could be substituted for the velocity constant. 
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t (time um mts)—> 


A (concent ration of soap) —> 
Fie. 1 


This equation can be written as 


dlogt Q0 

“dT RT® 

or log t= 

It has been found to apply in the case of gels of several inorganic substances 
by Prasad and Desai. In order to examine its applicability to the case of 
soap gels in pinene, the values of log ¢ were plotted against 1/T, and the 
curves obtained are almost sets of parallel straight lines in all the soap-pinene 
systems. Slight deviations from the straight line nature are however noticed 
at higher temperatures with all the gels. Curves for sodium oleate in 
pinene are shown in Fig. 2; those for the other soaps are very similar to 
these curves in general characteristics. This shows that the Arrhenius’ 
equation is applicable to all the gels studied in this investigation. The 
values of Q, the Heat of Activation, have been calculated from the slopes of 
the lines, and they are given in Table VII. 
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TABLE VII 
Slope (in degrees) 
A 
(in g.) Sodium Sodium Sodium Potassium | Potassium 
oleate stearate palmitate oleate stearate 
aces 0-08 ~1566 
e of 0-09 —1500 
th 0-10 — 933 —1466 
0-15 — 875 — 633 —1433 
0-20 — 840 — 500 —1433 
0-25 — 622 — 433 —1466 
iced 0-30 — 633 — 650 et — 400 As 
in 0-35 — 615 — 525 —166 — 366 
0-40 ~ Si — 533 —166 — 400 
r to 0-45 — 700 — 466 —166 — 366 
cone? 
ius Mean slope — 695 — 612 —166 — 504 —1477 
The Q —3202 —2820 —760 —2322 —6800 
f (in cals.) 
$ 0 


q 
q 
q 
q 
t if 
0-6 
on 
0-4 O25, 
0.304, 
0°40, 
i 
27 ze 29 30 
+ 
Fic. 2 
Potassium 
palmitate 
— 3000 q 
— 2433 
— 2633 
— 2700 
— 2692 d 
—12400 4 
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It will be seen from the above table that the values of the heat of acti- 
vation in the case of these gels appear to be independent of the soap con- 
tents within the range indicated in the table, in several cases. 


The applicability of the above relation to the various soap gels shows 
that the process of formation of these gels is allied to, though not identical 
with, the process of gel-formation in the case of inorganic gels. 


The setting point of a gel may be defined as the convergence temperature 
at which the “time of relaxation” becomes infinite. To measure these 
points for soap gels in pinene, the fall in temperature of the gel-forming 
system with time was studied under the same conditions as employed for the 
measurement of the time of setting. The setting points were obtained by 
reading the temperature (T’) attained by the gel-forming mixtures at the time 
of setting (tf). Some of the important cases for each soap are given in 


Table VIII. 
TABLE VIII 


A | t | if | t | i | t | as 
Sodium Oleate 
: 30° 60° 80° 
0-01 g. 8’ 0 30° 
0-02 g. 38° 20’ 0’ | 60° | 
0-05 g. ao 56° yy 61-6° 17’ 0° 80° 
Sodium Stearate 
40° 50° 60° 
0-25 g. 2’ 30° 56° 2’ 50” 51° | 3° 15° 70° 
0-30 g. 12" | 62° 2’ 35” | ‘67° | 
0-35 g. 2 0 69° 22° 7 2’ 35” 79° 
Sodium Palmitate 
i 40° 50° 60° 
0-25 g. 3’ 10’ 50° 4’ 10’ 51° 4 6’ 30’ 60° 
; 0-30 g. 2’ 18” | sy 2’ 40° DL . 330° | 63° 
| 0-35 g. ? 63° 2’ 10’ 64° | 69° 
Potassium Oleate 
40° 50° 60° 
0-20 g. 53° 2’ 10” 58° 64° 
0-25 g. | 56° 2’ 00” 61° zis | 67° 
; 0-30 g. 1’ 42° 62° 1’ 50° 66° 2’ 0” 69-5° 
Potassium Stearate 
40° 50° 60° 
0-09 g. 4’ 40” 42-8° 6’ 30” 50-1° 7 5 60° 
; 0-10 g. 3’ 33° | 47-5° 4’ 48” | 5§3-§° y a 4” | 60° 
0-15g. | 2’ 36” 56-0° 3° 26” 59-0° 4’ 30” 63-5° 
Potassium Palmitate 
40° 50° 60° 
0-15 g. 2’ 45” 44° 50° 
0-20 g. 33” 60-5° of §2-1° 5° 60° 
{ 0-25 g. 0’ 45” 74° 2’ 35” 64°  ¢ 61-5° 
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ctl A critical examination of these results shows that the setting of the j 
nil quick-setting gels takes place much before the gel-forming system has attained q 

the temperature of the thermostat. It is evident that, in such cases, no stage q 
WS of the process of setting is completed at the temperature at which the gel- 
cal forming solutions are cooled. 

Before making an attempt to explain the observed results of the effects g 

Ire of concentration and temperature on the time of setting of soap gels in 4 
se pinene, it was thought essential to obtain some information regarding the f 
ng nature of dispersion of the soap in pinene when a solution was prepared at j 
he 140°. For this purpose, some experiments were conducted on the measure- q 
by ments of (i) the elevation of the boiling point of pinene and (ii) the lowering 
ae of its vapour pressure ( AP) due to the addition of a soap. For the former, 4 
= the standard Beckmann’s apparatus was used, and for the latter, an apparatus q 

was assembled and used along the lines suggested by Pickett.12 The values q 


of AP were read by employing a suitable reading arrangement. Below 
110°, the reliability of the results is not high for AP could not be determined 
with any fair degree of accuracy. The results obtained are given in Tables 


IX and X. 
TABLE IX 

Soap Amount of | Amount of | Elevation Molar wt. Molar wt. i 

soap (g.) pinene (g.) | in b.p. (AP) | (calculated) | (theory) 

Sodium Oleate | 0-30 25-8 | 0-20° 313-6 q 
0-60 25-8 | 0-42 298-7 

| Mean =| 306-15 304-4 

Sodium Stearate | 9.30 25-8 | 0-20° 313-6 
0-60 25-8 | 0-41° 306-0 q 

| | Mean = 309-8 306-4 4 


The values of AP are negligible at and below 110°. Above 110° they 4 
increase rapidly with both temperature and the concentration of the system. { 
It will be seen that the observed values of molar weights of the soaps : 
obtained by the two methods are in fair agreement with the theoretical values, — ; 
indicating that a solution of either soap in pinene is a true molecular solu- 
tion at the boiling point. This shows that the soap remains in the molecular 
state in the solution when it is cooled from 150°-140° to about 110° or so. 
When it is gradually cooled below 110°, it first becomes saturated and then 
partly super-saturated with the soap because of the low solubility of the 
soap in pinene at low temperatures, and subsequently the soap goes over to 
the colloidal state with the saturated solution as the dispersion medium (this 
may be one of the causes of the low value of AP). On further cooling, 


i 
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TABLE X 


Temp. (° C.) P, (in mm.) | A P (in mm.) Molecular weight 


(1) 0-75 g. of sodium oleate dissolved in 75 c.c. pinene 
8- 


SESRSNSS 


w 

SSSSSSSOUSH 


N w 
Woo co 


oo 


(2) 1-125 g. of sodium oleate dissolved 


— 
Soa 
NOOO 


(3) 1-50 g. of sodium oleate dissolved 
294-0 
378-0 
498-0 
650-0 


3 SHON 


Mean molecular wt. 
Molecular wt. of sodium oleate (empirical) 


308 

307-9 
296-1 
315-4 
299-6 
306-1 
304-4 


further super-saturation takes place which causes an increase in the size of 
the already existing particles and probably effects an increase in the number 
of colloidal particles. All the aforesaid changes take place more rapidly, 
the lower the temperature to which the solution is allowed to cool, and hence 
its setting to the gel state which results from the union of colloidal particles 
in certain abundance is quicker. The observed results of the effect of con- 
centration on the time of setting can be explained on this hypothesis; an 
increase in the amount of soap in the gel-forming mixtures increases the 
number of micelles, and reduces the time of setting. This supports the 
concept that the essential factor in the formation of a gel is the union of 
micelles present in certain abundance in the gel-forming system. The rapid 
decrease upto a certain concentration and the gradua! one subsequently 
indicates that the optimum conditions are reached at some soap content of 
the gel-forming mixture. 
SUMMARY 


Measurements of the time of setting of several alkali soap gels in pinene 
under different conditions show that they behave like organic gels; the time 
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30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
iso 
MENS c.c. pinene 
120 294-0 
130 . 378-0 | 
140 498-0 
150 650-0 | 
c.c. pinene 
120 | 
130 
| 140 | 
150 
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of setting increases with increase in temperature, and decreases with 
creasing concentration. The plots of log t ~ 1/T are straight lines, suggest- 
ing that Arrhenius’s equation is applicable to these systems; the values of 
the Heat of Activation have been calculated for each system. Setting points 
have also been measured. Molecular weight determinations show that a 
solution of either soap in pinene is a true solution at its boiling point. 
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INTRODUCTION 


For over a decade it has been known that the cosmic ray intensity at any 
particular place is not constant at all times. The small periodic and 
irregular variations in the intensity have been extensively studied at various 
stations; and the variations have been correlated with changes of the 
meteorological elements of pressure and temperature, and of the magnetic 
elements due to terrestrial and solar causes. 


As shown recently by Duperier', the negative correlation between 
atmospheric pressure and cosmic ray intensity is due not only to an increase 
in the absorbing air mass with an increase of pressure, but also to the raising 
of the effective level at which mesons are formed, with a consequent increase 
in their probability of decay. The negative correlation with seasonal 
temperature of the atmosphere is also explained in terms of meson decay on 
lines originally suggested by Blackett?; but the experimental results are 
somewhat complicated by the fact that the temperature of the atmosphere 
near the earth’s surface does not give a representative picture of the state of 
affairs at high altitudes. However, the work of Hess et al.* has indicated 
the methods by which the difficulties can be overcome by using radiosonde 
data. With respect to changes in intensity brought about by the variation 
of the magnetic field, Vallarta and Goddart* have shown how different fac- 
tors depending on the latitude of the station are operative. The experiments 
indicate that the correlation between the intensity and the field at the place 
in question is negative for diurnal and seasonal changes but that it is positive 
during a magnetic storm. 


While thus a good deal of theoretical and experimental study has been 
made of the variation of cosmic ray intensity; it is impossible to directly 
make use of this knowledge for correcting the results of accurate cosmic 
tay experiments because of the simple reason that normally one is not in 
possession of data of all the meteorological and magneiic factors respon- 
sible for the intensity variations, During the course of a recent 
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investigation on the intensity of slow mesons by the method of shower 
anticoincidences®, it was noticed in fact that large variations lying outside 
the statistical error were taking place in the measured intensity at different 
times of the day and from day to day. It was proposed to correct for this 
by means of another independent apparatus which had a counting rate large 
enough to make the statistical error negligible, and which followed the 
variations of the shower anticoincidence intensity. Thus a detailed study 
was begun of the variation of intensity as measured by different counter 
arrangements. As there are few puublished results of similar studies at sta- 
tions near the geomagnetic equator, and the observations at Huancayo 
and Kodaikanal* were made with ionization chambers where intensities 
from all directions were measured, a correlation with atmospheric pressure 
was also attempted in the present work. 


EXPERIMENTAL RESULTS 


To study the variation of intensity with local mean time, the hourly 
values of intensities were measured with counter arrangements giving the 
following :— 

A. The total intensity as measured by two counters placed vertically on 
top of each other in double coincidence, giving a mean counting rate of 56-23 
counts per minute. As the counters were touching each other, the solid 
angle was very wide, and there must also be a considerable side shower effect. 


B. The shower rate measured under 1-5 cms. of lead by two parallel 
horizontal counters touching each other, and in double coincidence giving a 
mean counting rate of 21-605 counts per minute. Single particles incident 
at a zenith angle greater than 45° could also register a coincidence in this 
arrangement. 


C. The shower anticoincidence rate measured with 1-5 cms. of lead at X 
(see earlier paper®) giving a mean counting rate of 1-5445 counts per minute. 
The vertical rate was in this case measured with quadruple coincidences in 
order to eliminate the side shower effect; and the vertically incident particles 
accompanied by showers either from the air above or the lead block at X 
were eliminated by the shower anticoincidence counters. It has been shown® 
that this counting rate is essentially due to the vertically incident mesons. 


In addition to the above, the pressure was recorded continuously during 
the experiment with a microbarograph and hourly readings with a Fortin’s 
barometer were taken as acheck. Indian Standard Time is used throughout 
this paper and is one hour and twenty minutes in advance of the local 
mean time. 


& 

id 
he 
‘ic 

se 
ig 1 
se | 
al 
on | 
re 
re 
of 
ed 
de 
on 
its 
ce 
ve 

( 
ly 
Lic 
in 
n- 
nt 


68 Vikram Sarabhai 


The result with the various arrangements is shown in Table I. It can 
be seen that A and B show the well-known diurnal variation of intensity 
with a maximum during the afternoon and a minimum during the night. 
Considering that in both these arrangements we are measuring an effect which 
is due to showers as well as single particles and that wide solid angles are 
subtended, it is not surprising that we obtain a variation which is similar 
in both cases and agrees with the results of the other workers who have 
studied this aspect with ionisation chambers. It should be noticed, however, 
that the percentage variation of B is much greater than of A. _ If this is due to 
the larger proportion of showers to single particles in B, we would be led 
to the conclusion that this phenomenon is mainly connected with the soft 
component. 


TABLE I 
Mean percentage variation of intensity and atmospheric pressure averaged 
for six hours in each column 


LS.T. (i hour and 20 minutes in advance of local mean time) 
Arrangement Total | 


counts | 9300 to 0900 | 0900 to 1500 | 1500 to 2100 | 2100 to 0300 

A 
from 8-9-1944 872303 | — -037 + -052 + +244 — -260 
to 21-9-1944 + -147% + +147% + +147% + -147% 

| 

B 
from 10-S-1944 | 342227 | —1-127 + | +1385 | — -295 
to 21-9-1944 | +229% + +229% +0-229% | +229% 


Cc 
from 18-9-1944 —3-05 +0-99 —1-43 +3-50 
to 249-1944 +1-14% +1-28% +1-28% +1-14% 


Atmospheric 
pressure 


from 18-9-1944 — -0034% + -0766% — *1117% + +0418% 
to 24-9-1944 


The course of variation of C is however totally different. We find, in 
the first place, that over 12 hour periods the intensity is slightly greater 
in the night than during the day. But in addition, we can clearly see a 
semidiurnal variation with a period of approximately 12 hours. What is more 
remarkable is that this variation is correlated with the semidiurnal variation 
of pressure and the total correlation coefficient comes out to be +-46+-11. 
In order to quantitatively study this aspect, it was necessary to eliminate 
the secular changes of both the meson intensity and the atmospheric pres- 
sure. The importance of doing this is realised when we consider that the 
secular changes of pressure are negatively correlated with the intensity, as 
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opposed to the positive correlation found in the semidiurnal variation. The 
elimination of these secular changes was carried out by taking the 24 hourly 
means and adjusting them to the total mean, making the assumption that 
the secular change is linear between any two 24 hourly means. The result of 
this correction is to reduce the mean of each day to the common mean, so 
that only the semidiurnal variation is left in the data. The figures given 
for C and the barometric pressure in Table I refer to the variation after cor- 
recting for the secular change. 


TABLE II 


Mean percentage variation of meson intensity and atmospheric pressure 
averaged over periods during which atmospheric pressure is either 
entirely above or below mean values in the semidiurnal variation 


I. S. T. 


Total 


counts i 0730 to 1430 to | 2100 to 
0730 1430 2000 0200 


Cc 
From 8-12.-44 


11113 1-8546 +3-26 —2°13 
to 12-12-44 


+0-0118 +1-12 +1-37 


from 8 


+0-0807 | —0-0885 
to 


Correlation | 4.9 +56 
coefficient | +14 


| 


Table II and Fig. 1 show the results of an independent experiment carried 
out from the 8th to the 12th of December at the Bangalore Meteorological 
Office to check the results of C obtained in the first experiment. In this case 
hourly values were not taken, but only at times corresponding to the epochs 
of the semidiurnal variation of pressure where the pressure is at its mean 
value. This is necessary for a proper correlation of the two variations because 
the semidiurnal pressure change does not have an exactly 12 hour period. 
Each of the four intervals now taken corresponds either to pressures entirely 
above mean or to those entirely below. The values between 2000 and 2100 
hours were not considered as during this period the functioning of the 
apparatus was checked. The second experiment has shown a strong positive 
correlation of -623 + -097. This represents the over all coefficient, but in 
Table II and the figure the correlation coefficient for each of the four periods 
is also shown. With the data so far available it is extremely probable that 
the positive correlation obtained in both cases is significant but quantitative 
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% Deviation from Mean. 
Meson Intensity 
° 


2600 7200 7300 
I.S.T. (hr. 20 mins. in advance of local mean time) 
Fic. 1. Graph showing the semidiurnal variation of meson intensity and the atmospheric 


pressure and the correlation coefficient connecting the two. Table II. Data obtained at the 
Bangalore Meteorological Office from 8-12-44 to 12-12-44. 


treatment is not undertaken till the phenomenon has been completely con- 
firmed by more extensive experiments now in progress. 


DISCUSSION 


A positive correlation between the semidiurnal variation of atmospheric 
pressure and the meson intensity has not so far been reported to the know- 
ledge of this author. The semidiurnal variation itself seems to have been 
noticed independently by two German authors”* as I have recently, after the 
completion of the above experiments, come across two abstracts of papers 
published since the outbreak of war. Ehmert* has suggested a connection 
with the oscillations of the atmosphere causing the semidiurnal variation 
of pressure; but details of his paper are not available. The somewhat puz- 
zling positive correlation is explained very simply on the meson decay 
hypothesis if one considers the now accepted view about the nature of the 
atmospheric oscillations. The problem has been worked out in detail by 
Pekeris since the earliest work of Rayleigh. According to our present know- 
ledge, the atmosphere has two free modes of vibration ; one of these consists of 
a stationary wave of 12 hour period travelling along the parallels of latitude 
and having a node at about 30 km. The atmosphere vibrates horizontally in 
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opposite phase above and below this level. It immediately follows therefore 


that a rise in pressure at the surface corresponds to a rarifaction in levels above 
30 km., resulting in an effective lowering of the meson forming layer with 
an increase in the surface meson intensity. Apart from the theoretical justi- 
fication for this view, it is found that the explanation of the semidiurnal 
variation of the magnetic field also requires a similar ite of phase inversion 
in the upper atmosphere. 


A positive correlation between meson intensity and pressure does not 
necessarily imply that there is a causal relationship between the two. The 
above given reason can only be proved to be correct if it is known that the 
variation of meson intensity is not caused by the semidiurnal variation of the 
magnetic field with which it appears to be negatively correlated. Probably 
both the factors are operative; but as in magnetic storms there is a positive 
correlation with intensity. this point requires further study before an answer 
can be given. 


It is worthwhile considering the reason why this effect has not been 
noticed in the earlier investigations. It is clear, in the first place, that as 
at sea level the soft component is almost entirely secondary to the hard com- 
ponent, the study of the variation will be confused unless each component 
is studied by itself. Several of the ionisation chamber studies cannot be 
said to conform to this condition. Furthermore, the effect will be properly 
brought out only in instruments with narrowly restricted solid angles. A 
wide aperture will tend to blur the true variation and flatten the maximum. 
Lastly it must be remembered that the semidiurnal variation of pressure is 
strongest in the tropics and becomes quite negligible in temperate latitudes. 
As most of the other investigations have been done in higher latitudes, the 
effect might have escaped notice due to its small amplitude. 


The picture presented here would, if confirmed, give a powerful tool 
for the study of the levels of meson formation. It is true that the heights 
of formation will have to be considerably higher than what was commonly 
supposed some years back. But after the experiments of Schein et al.” who 
found a continuously increasing meson intensity upto the stratosphere, the 
view that mesons are mainly created within the troposphere is being slowly 
given up. Further experiments are now being undertaken to clarify the 
issues and to determine the time variation of cosmic rays measured with 
other counter arrangements not using the method of shower anticoin- 
cidences. 


I am deeply grateful to Prof. Sir C. V. Raman for his interest and help- 
ful discussions. For help in taking round the dial readings, I am thankful 
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to Messrs. B. V. A. Iyer, H. R. Sreenivasiengar and C. R. Ananda Rao; anda 
later the staff of the Bangalore Meteorological Office. This work would nog 
have been possible but for the whole-hearted co-operation of the Indiag 
Meteorological Department and particularly Dr. K. R. Ramanadhan and? 
Messrs. D. Basu and R. Pisharoty. 


SUMMARY q 
An investigation of the diurnal variation of the cosmic ray intensity 
with different counter arrangements has been made. The results obtained 
are similar to those reported by previous investigators, except in the cas¢ 
of the meson intensity measured with the method of shower anticoincidencegj 
Here a semidiurnal variation which is positively correlated with the semi 
diurnal variation of pressure has been found. An explanation in terms of 
the meson decay and the nature of the daily atmospheric oscillations hag 
been suggested. The possibility of gaining knowledge about the altitudé 
of the meson forming layer has been mentioned. 
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PHOTO-ELECTRIC ESTIMATION OF NICKEL 
IN ALLOY STEELS* 


By G. V. L. N. Murty AND N. B. SEN 
(From the Researeh and Control Laboratory, The Tata Iron and Steel Co., Ltd., Jamshedpur) 


Received November 13, 1944 


AN INVESTIGATION into the possibilities of introducing photo-electric 
absorptiometric methods of stgel analysis in our routine work has been recently 
undertaken by us. It was found that though, broadly speaking, the pro- 
cedures evolved by Vaughan! are satisfactory, they call for some modifica- 
tions in certain cases to suit the rather abnormal conditions of light and tem- 
perature prevailing in the tropics. The colour involved in the estimation 
of nickel by the iodine-glyoxime method? has been found to be particularly 
sensitive to these factors. This was very pronounced in summer when the 
room temperature used to go as high as 110° F. Out of three or four sam- 
ples analysed simultaneously the colour invariably faded by the time we took 
up the last. Attempts were, therefore, made to stabilise the colour at least 
for a reasonable length of time. Apart from keeping the solutions immersed 
in a bath of cold water till the time of filling the cell, it was found that 
the stability could also be increased by making suitable alterations in the con- 
centrations of the reagents. The present publication deals with the effect 
of reagent concentration on the intensity and stability of the final colour. 
A Spekker photo-electric absorptiometer was used and spectrum blue 
filters employed for the absorptiometric work. 


Vaughan (loc. cit.) recommends 0-1 per cent. solution of dimethyl 
glyoxime in 50 per cent. ammonia. In Table I the drum differences obtained 


TaBLEI. Effect of Concentration of Dimethyl Glyoxime 
Drum Differences 


Concentration 
of dimethyl Time interval in minutes after developing the colour 
glyoxime 
per cent. 5 10 15 20 25 35 45 


0-1 68 68 66 ad 58 50 
0-2 74 74 72 70 68 60 50 
0-3 - 80 80 78 74 68 58 50 


by varying the concentration of dimethyl glyoxime are given. The 
other conditions are the same as in the original method. Similar procedure 


* Vide Current Science, 1944, 13, 229. 
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is adopted in the other cases also (Tables II and III). Only typical results 
are recorded and they refer to steel samples having 3-0 per cent. nickel, 


TABLE II. Effect of the Concentration of Ammonia 


i Drum Differences 
Game Time interval in minutes after developing the colour 
per cent. 
5 10 | 15 | 2» | 2 | 35 ae 
50 68 68 68 66 a (Ci pee 
60 68 68 68 66 64 . 50 
100 68 | 68 68 68 68 6 60 
Taste Ill. Effect of the Concentration of Iodine 
Drum Differences 
Concentration Time interval in minutes after developing the colour 
of iodine 
5 10 15 20 25 35 45 
> 68 | 6 
5 7 64 59 54 50 46 
| 
0 C1 68 66 64 58 50 
72 72 70 68 66 


* Readings were not taken in these cases as the precipitate was found to separate out. 


An examination of the results presented in Tables I to III leads to the 
following conclusions :— 


(i) Increase in the concentration of dimethyl glyoxime results in increased 
intensity and diminished stability. 


(ii) An increase in the concentration of ammonia has practically no effect 
on the intensity of the colour but has a marked stabilising influence on it. 


(iii) Increased intensity and diminished stability are caused by lower- 
ing the concentration of iodine. A higher concentration than N/10 does 
not seem to have any effect on the intensity but causes rapid fading of the 
colour. 

In view of the above observations, various alterations in the procedure 
were tried and the conditions of stability studied in each case. The following 
have been found to be most satisfactory :— 
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(i) Using 0-2 per cent. solution of dimethyl glyoxime in 80 per cent. 
ammonia instead of 0-1 per cent. solution in 50 per cent. ammonia. 

(ii) Substituting N/15 iodine for N/10 iodine in case the percentage of 
nickel in the steel sample does not exceed 3-5. 

(iii) Effecting the final dilution with 50 per cent. ammonia and not with 
distilled water. 


Further, waiting for at least one minute after the addition of iodine and 
for two minutes after treatment with the dimethyl glyoxime reagent have been 
found to be quite helpful in getting reproducible drum differences. 


Ttable IV gives the results obtained by both the methods :— 


TABLE IV 
Room temperature 108° F. 


Drum Differences by the Drum Differences by the 
older method modified method 


Per cent. Ni in the 
steel sample 
After 25 Mts. After 5 Mts. After 25 Mts. 


1-00 
1-70 
2-15 
2-55 
3-00 
3-42 
4-08 
4-45 


It is clearly seen from the above table that the stability of the colour 
is increased by the modified procedure. There is also a slight increase in 
the respective drum differences but this is not so important. 


In conclusion, we wish to thank the management of The Tata Iron and 
Steel Co., Ltd., for permitting us to publish this paper. 


SUMMARY 


With a view to stabilise the final colour involved in the photo-electric 
estimation of nickel in alloy steels by Vaughan’s method the effect of reagent 
concentration on the stability of the colour has been studied and an improved 
procedure suggested. 
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INFLUENCE OF ‘AGING’ ON THE NEW LIGHT 
EFFECT IN CHLORINE 


By P. G. Deo, M.Sc. 
(J. K. Fellow, College of Science, Benares Hindu University) 


Received December 21, 1944 
(Communicated by Prof. S. S. Joshi, D.sc., P.A.sc.) 


THE significance of time-variations in the electrical quantities, for an analysis 
of the corresponding discharge reaction has been emphasized by Prof. 
Joshi. Whilst this time-variation in conductivity at sensibly constant 
electrical conditions has been attributed to the progress of the chemica! 
change of the reactant material, no such simple mechanism can, in the first 
instance, be postulated in the case of elementary gases, e.g., iodine, bromine 
and chlorine.*""* The observation?** therefore, that the new light effect, 
viz., 4i the instantaneous diminution on irradiation of i the discharge current 
in chlorine and some other gases, is subject to the so called ‘ aging’ appeared 
to be of interest. The present communication reports the results of experi- 
ments carried out to investigate the time-variation of di over a period, as 
large as, permissible within the available means. 


The general arrangement of the apparatus was essentially similar to 
that employed in the earlier work.“° Two series of experiments were carried 
out using ozonizers A and D. The former had been in use for work on 
light effect in chlorine over a period of one and half years; the latter was 
freshly prepared and filled with the gas with usual precautions. 


In the first series of experiments (Table I), i the discharge current was 
measured with a vacuo-junction connected to a sensitive reflection type 
galvanometer. At a constant applied potential of 2-9 kV (r.m.s.), i? which 
is proportional to the square root of the galvanometer deflection, was 
observed at intervals of 15-40 minutes when the ozonizer was in the dark 
and when irradiated parallel to its axis by a 500 watt bulb run at 180 volts. 
From these data the corresponding values of 4i, the net light effect and 
“Ai, i.e., 100 4i/i were calculated. 


In the next group of observations (Table II), i the discharge current was 
measured with a Cambridge A.C. microammeter shunted with a non- 
inductive resistance, varied in the range 100 to 450 ohms. The light source 
consisted of a row of three 180 volt, 200 watt bulbs parallel to the ozonizer D 
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TaBLE I. Light Effect in Chlorine: Time-Variation of the Phenomenon 
under Electrical Discharge 


Ozonizer irradiated parallel to its axis by a 180-volt, 500 watt bulb 
Discharge current i, measured by a vacuo-junction + galvanometer 

Primary potential = 11-Ovolts(r.m.s.) Transformation ratio = 267 

Primary current = 0-25 amp. (r.m.s.) Secondary potential = 2-9 kV (r.m.s.) 

Frequency of A.C. supply = 50 cycles/sec. Ozonizer A, PCI, = Ilcm. Hg. (29°C.) 


iin /galvo. deflex. 
Exposure Ai i 


in min. 


The irradiation was therefore, normal to the ozonizer axis; it was filtered 
through a pile of violet glass strips (transmission limits 4760 A-4420 A). At 
13-3 kV applied to the ozonizer, i, the discharge current in dark, and i,, that 
under the filtered violet band were observed in the (a) and (5) series of 
Expts. 1-16. The observations in the series (a) were taken at the beginning 
and those in (b) at the end of 10 hours of continuous discharge. 


It is seen from observations, using the ozonizer A (Table I), that the 
values of 7 in dark and under irradiation do not change appreciably with 
time and that 4i, the light-effect remains practically constant during about 
two and half hours of exposure to the discharge. 


Since the ozonizer A had been in use for a very considerable period, it 
was felt that the absence of any sensible time-variation might be ascribed 
to its having ‘ aged’. This is supported by the results of the next series of 
experiments made with a freshly prepared ozonizer D (Table II). The (a) 
and (b) series of experiments |] to 16 show that both the discharge current 
in dark and that under light increase considerably during a continued 
exposure to the discharge: the same remark applies to the variations in 
4i and % 4i. Despite the difficulties in maintaining constant electrical 
conditions over a long period, the general trend of these observations indi- 
cates that this influence, that is, the variation in 4i or % 4i with the time 
of exposure to the discharge, decreases with an increase in the age of the 
ozonizer. Thus, for instance, the variations in 4i and % 4i under 10 
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hours of exposure to the discharge in experiments 1-16, at shunt of 300 
ohms, covering a period of about one and half months are as follows:— 


Experiment Numbers 


10 


iz 


9/6) 5 


% A; ..| 10 | 10 
A; 3 


N 
n 
w 
Ww 
> 
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Wellisch® in a general interpretation of the phenomenon attributed 
‘aging ’ to a viscous retardation of the motion of the electrons during a free 
path by the attraction exerted by the surrounding gas molecules. It may 
be observed however, that the above action is of a general type, i.e., not res- 
tricted to the presence of a gas like chlorine or oxygen with a marked electron 
affinity. Erikson’ observed a small but distinct time-variation of the ionic 
mobility even in an isolated sample of air. Similar results have been 
observed by other workers.**2%11_ Their data show that even accidental 
traces of impurities such as those due to residual vapours of the vacuum 
lubricants influence the mobility values to an appreciable extent. The loss 
in mobility, however, occurs within a very short period of the order of a 
fraction of a second. This period is of a different order of magnitude 
compared with that in the present experiments (Table IT). 


It would appear that a time-variation of the ionic mobility visualized on 
the above general mechanism is not likely to be an appreciable factor in the 
present phenomenon. Furthermore, there is considerable evidence!? that 
the variation of mobility due to complex ion formation is not probable at 
large values of the applied field as are employed in these experiments. 


It is therefore, suggested that the marked time-variation observed in 
the above experiments (Table IJ), may be attributed to a much slower type 
of reactions—that ill defined group of surface phenomena!* such as adsorp- 
tion or/and a slow change in the nature of the dielectric material especially 
at the surface.due to an interaction under the electric field,’* between the 
excited gas and some ‘sputtered’ material from the electrodes. That the 
nature of the radiation employed is also an important factor is seen from 
the fact that ‘aging’ is pronounced under X-rays, which have now been 
shown by Joshi’ to produce the new light effect to quite an appreciable 
extent. Use of more inert materials as, for instance, a baked silica vessel 
and studies of the influence on 4i of other wall materials on the electrodes 
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would perhaps be a direct way of obtaining further information of this 
phenomenon. 


Grateful thanks of the author are due to Prof. S. S. Joshi, D.Sc. 
(London), F.A.Sc., Principal, College of Science, for kind interest and 
valuable guidance during the work. 


SUMMARY 


Influence of ‘ aging ’ on the new light effect in chlorine has been studied. 
No sensible ‘ aging ’ was observed in an ozonizer which had been in use for 
one and half years. In the freshly prepared ozonizer, however, the new light 
effect was found to vary appreciably with the time of exposure to the dis- 
charge. The possible contribution to this ‘ aging’ effect by changes in the 
ionic mobility, due to cluster formation, etc., is considered to be negligible. 
The results have been attributed, in part, to a slow interaction between the 
(electrode) wall material and the activated gas under the discharge. 
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A METHOD OF CALCULATING THE WALL 
CORRECTION FOR ELLIPTIC TUNNELS 


By V. M. GHATAGE 
Received December 1, 1944 


THE first solution of the problem of finding the wall-interference of a wind 
tunnel of elliptic cross-section was given by Sanuki and Tani.! The method 
used in this investigation does not give a physical picture of the phenomenon 
and does not appear to be very suitable for engineers, to handle. I. Lotz? 
gave a general method for the correction of downwash in wind tunnels. 
Using Lotz’s method of converting the elliptic boundary of the tunnel into 
two parallel planes by the use of elliptic co-ordinates, Gavin and Hensel* 
have worked out the upwash due to the walls of the M.I.T. Tunnel. This 
method has got the advantage of representing the effect of the wall as equiva- 
lent to a system of images due to the tip vortices of the airfoil placed inside. 
However, in getting the value of the velocity induced by the image vortices, 
the series requires the values of these image positions in elliptic co-ordinates. 
The method used in this paper avoids the exponential functions, by using a 
different function for transforming the ellipse, and the image system is 
obtained by using simple algebraic functions only. 


Let the elliptical boundary be represented by the equation. 


x2 
t 1 
in the Z-plane; then by using a transformation function; 
VZ* — 4c 
2 


the ellipse is converted into two concentric circles of radii r,; and r, such that 
2 fp2 

ls = and c where a and are the semi-major 

and semi-minor axes of the ellipse. The entire space inside the ellipse is 

now enclosed in the annular space between the two circles 7, and r, in the 

t-plane. The major axis of the ellipse, which is chosen as the real axis in 

the Z-plane has got its corresponding points on the real axis of the ¢-plane 

where Z? 4c. For Z*= 4c the two values in the t-plane coincide and the 
corresponding value is given by the equation 
t= vc for Z =2v¢, 
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this particular value of Z gives the distance of the focus from the centre of the 
ellipse. When Z? <4c the corresponding values in the /-plane lie on a 
circle of radius ,/c. The ¢ values for this case are of the form, t = € + in 
and the two values of t make an angle + @ with the real axis, where 


The picture of the elliptical boundary with the major axis as trans- 
formed to the t-plane is shown in Fig. 1 (6). If we consider the airfoil, 
situated in the tunnel with its span along the major axis and symmetrical 
about the centre, to be replaced by a lifting line with two tip vortices at the 
end of the line situated at + x, we can get the corresponding position of 
these vortices in the f-plane. Three cases arise. 


(i) x Gi) x =2vVe; (iii) x 
In the first case, x has two values é, and &, in the f-plane and a vortex 
at x is now represented by two vortices in the same sense at &, and é,. 


Using the laws of reflection in the circular boundary, we can get an 
infinite series of images for each of these vortices at é, and &. If we con- 
sider the direction of rotation of the tip vortex to be positive and any 
image having an opposite sense of rotation as negative then the image 
ge for the vortices in the ¢-plane are given by following values. 


These image positions can be transformed back to the sane by the 


inverse function Z = t +4 and we get the image system for the vortex 


situated at x in the Z-plane. Fortunately the two. systems corresponding to 
the two values need not be calculated as it can be shown that 
This avoids the calculation with one of the values €, and £, and any one of 
them can be neglected. The images all lie on the real axis and in the space 
outside the ellipse. 


In the second case x is represented by a single point é on the real axis 
of the t-plane but additional simplification occurs as for this particular value 
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of the original vortex. 


When x < 24/c, the vortex in the Z-plane has two positions in the t-plane 
given by t, =~ and = 
reflection of the other in the real axis. The angle subtended by these posi- 


tions at the centre is + 6 and is given by the equation, tan @=+ w=. 


and one is the 


x —i V4 —x? 
2 


All the images due to the vortices at f, and #, lie on radial lines making an 
angle + 9 with the real axis. It is interesting to note that the absolute 
values of ¢, and f, are the same for all values of x <2¥4/c; only the value 
of @ changes in each case so that the radial distances of the images are the 
same, the change being shown by the values of 0. 


If we denote the image due to a vortex at either ¢, or t, by ¢, = l/r, e ie 


then in the Z-plane we get . 
Ly = Xq + + 


(3) 
Expanding e” we get, 
Zu = Xn + + £) cos 6 — £) sin 
and Z, makes an angle ¢ in the Z-plane given by the relation 
(4) 


It will be seen from equation (4) that ¢ is different for different images in 
the Z-plane though 6 is the same. As r,, increases in magnitude, ¢ approaches 
the value of @. 


The positions of the images in the three cases are represented in Fig. 2. 


The induced upward velocity w at any point can now be written down 
in the three cases as 


of §= Ve 
7,2 *+ 2 cus 2 cz r,* 
* and we get half the number of images of each kind with double the strength . 
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where X;, X2, ....X, are the image points for the case x < 24/c,i.e.,the wing 
tips outside the foci 


1 1 1 1 
for the case x = 24/c or the tips at the foci. 
In xy? + x? —2x,xcosd, + x3+2x,x cos 
X_ COS Je — X X_ COS dy + X 


for x <2,/c, i.e., the wing tips inside the foci. Downward induced velocity 
is taken as positive and so the negative sign indicates that the image system 
induces an upwash in a closed tunnel. If we express the positions of the 
images in terms of the semi-major axis of the tunnel and use the tunnel 
constants to introduce the cross-sectional area of the tunnel, we get 


If the expression within the brackets is denoted by 5 (5 is —ve for closed 
tunnel) 


on 
where 8,=%; na =s the semispan of the lifting line, and S, = waa? 


the tunnel area. Using the expression for the induced upwash angle v 
in radians, where V is the velocity of the relative wind we get 
w\ 
(¥),. = WS, Sonx Where n represents the position of the tip vortex 


and x represents the place where the upwash is calculated. The series for 
§ converges rapidly and it is necessary to calculate only three or four terms 
to get an accuracy of one per cent. 

To get the upwash due to an airfoil of semispan s = na and having a 


given lift distribution, the circulation along the semispan under the influ- 
ence of the tunnel wall is broken into a number of components repre- 


1 1 1 
In the case x = 2+/2 
xy , x 
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sented by lifting lines of suitable spans and appropriate strength of circula- 
tion uniformly distributed. If I, represents the circulation at the centre 
and I',, at the tip of the mth component lifting line in any given case, then, 


= WS, 2K, K, 
where r = K,; and = K,. 


For elliptic distribution of circulation it can be shown that 


0 = C, 
Vv =, 


Substituting this value we get, 
_¢S 


This variation of the upwash along the span of the airfoil can now be plotted 
and an average value obtained for any case to get a correction of the wall 


influence 
(9), (ZK (10) 
The average value of the wall correction factor A is then defined by the 


equation 
Comparing this with equation (10), we have 
( 


If a distribution other than elliptical is used, a comparison may be made by 
assuming that both airfoils have the same aspect ratio and carry the same 
total load. Under this condition equation (8) can be modified with the 
‘result that 


Using this method, the average correction factor is calculated for rectangular 
airfoils for the. tunnel of the Department of Aeronautical Engineering, 
Indian Institute of Science, Bangalore. Fig. 3 gives the values of 5, for 
different positions of the tip vortices at different places on the major axis of 
the tunnel, both expressed in the non-dimensional form. The average 


where §S is the wing area. 
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values of A for rectangular airfoils are plotted in Fig. 4 which also gives 
the tunnel constants. 


RECTANGULAR AIRFOIL; ASPECT RAT!O 6. 


@23-5 Fr; b22-5FT. 


al. 


Fig. 4 
REFERENCES 
1. Sanuki and Tani .. “The Wall Interference of a Wind Tunnel of Elliptic Cross- 
Section,” Proc. Phys. & Math. Soc. Japan, 1932, Series 3, 


14, 592-603. 
2. I. Lotz .. “Correction of Downwash, in Wind Tunnels of Circular and 
Elliptical Sections,” N. A. C. A. T.M., 1936, No. 801. 
3. J. G. Gavin Jr. and R. W. ‘** Elliptic Tunnel Wall Corrections on Drag and Stall,” Jour. 
Hensel Ae. Sc., 1942, 9, No. 14, 533-37. 


a- 
n, 
9) 
ed 
all 
ne 
he 
ar 
1g, 
or 
of 
ge 
A3 


STUDIES IN INORGANO-ORGANIC GELS 
IN PINENE 


Part III. Viscosity Measurements of Gel-forming Solutions of Sodium 
Oleate and Sodium Stearate in Pinene 


By MATA PrasaD, G. S. HATTIANGDI AND C. V. VISHVANATH 
(From the Chemical Laboratories, Royal Institute of Science, Bombay) 


Received September 18. 1944 


Tue determination of viscosity is a prominent methodic principle in inves- 
tigating the properties of colloidal systems. Although the spontaneous 
increases in viscosity with time have been measured by different workers 
during the gelation of different hydrosols, a search through literature shows 
that the sol-gel transformation of gel-forming systems in non-aqueous media 
has not been studied viscometrically to the same extent in spite of the fact 
that in the latter case there is an advantage that no disturbing changes cor- 
responding to hydrolysis in aqueous solutions take place and vitiate the 
results. The only noticeable work in this field has been carried out by 
Mardles! who has systematically studied the reversible sol-gel transformation 
of the cellulose acetate—benzyl alcohol system viscometrically using different 
types of viscometers. He observes that the shape of the curve relating 
viscosity and time is independent of the method of determining viscosity; 
he has also given an empirical relation which conveniently expresses the 
regularities observed in the viscosity-time data. Other work on viscosity 
measurements of organic gels has been prominently done on gels of gelatin 
in aqueous medium by Levites? and Shoji?; the former found that the rate 
of increase of viscosity is nearly proportional to time, whereas the latter has 
suggested a mathematical relation to represent the viscosity-time curves dur- 
ing the early stages of gelation. Von Schroeder’s‘ viscosity-time curves 
also for gelatin, are smooth, there being a rapid rise with time in the rate 
of change, whilst in some cases there was a decrease in the last stages of gela- 
tion. Biltz and von Vegesack® found that the viscosity-time curves with 
benzopurpurin solutions were sigmoid in shape. A similar result was 
obtained by Arisz* working on glycerine solutions of gelatin. 


In the present investigation the viscosity changes during the sol-gel 
transformation of some soap systems in pinene have been studied, and 
the effects of the concentration of the soap in the gel-forming systems and 
of temperature have been determined. 
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EXPERIMENTAL 
Metheds Employed for determining Visccsity 


In this investigation two types of viscometers have been employed to 
investigate into the kinetics of the sol-gel transformation of solutions of 
sodium oleate and sodium stearate in pinene. 


(i) Ostwald type of viscometer.—This type of viscometer can be used only 
for low or moderately concentrated solutions or sols and at high temperatures. 
With the more concentrated sols and at lower temperatures, the drainage 
error of the viscometer becomes serious and the time of transpiration lengthy, 
so that during the actual determination, the viscosity may have considerably 
increased and, in some extreme cases, the transition to the rigid state may 
have occurred before complete transpiration. 


The viscosities of some low and moderately concentrated solutions of 
sodium oleate and sodium stearate in pinene were determined by this 
method at several high temperatures. 


(ii) Falling Sphere Viscometer.—The determination of viscosity of 
viscous systems such as are obtained in the gel-forming mixtures of organic 
substances is a matter of some difficulty. For such measurements it has 
been found that the Falling Sphere Viscometer is simple, accurate and advan- 
tageous (cf. Sheppard,’ Mardles, Gibson and Jacobs*). The rate of shear 
is very small when the sphere falls slowly, and the rapid viscosity changes 
can be conveniently followed until even the last ball remains suspended 
and the time to take a reading reduced to any extent. 


The principle of the method depends upon Stoke’s Law and the viscosity 
is given by the relation 
_ 2gr?(S—S’) 
Ov 
where » = coefficient of viscosity, r= radius of the sphere, 

v = velocity of fall, S= density of the sphere, 

S’ = density of the liquid, and g = gravitational constant. Ladenburg® 
and Arnold!® suggested two linear corrections to be applied to the simple 
Stoke’s Law equation, viz., (i) a correction for the wall effect and (ii) a 
correction for the end effect. The complete modified equation, including 
both the corrections, is 

Onv (1+ X) (1 +3-3r/h) = 297? (S-S), 


where X= ratio of radius of sphere to that of cylinder, and 4 = height 
of the liquid; 
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If ‘T’ be the time taken for the ball to travel a distance ‘I’, then 
(1 + 2°4X) (1 (S—S)T (1) 


EXPERIMENTAL TECHNIQUE 


The sodium oleate and sodium stearate used in this investigation were 
Merck’s pure products; the pinene used in the preparation of the gel-form- 
ing solutions was obtained from Messrs. Eastman Kodak & Co., and was 
the fraction distilling at 156°. 


(i) Ostwald type of Viscometer—The technique employed was the 
standard one. The viscometer made of good hard glass, was immersed in 
a liquid paraffin bath for some time till it attained the temperature of the 
bath; a solution of a known amount of either sodium oleate or sodium 
stearate in 10 c.c. of pinene was prepared as described in Part I, and was 
immediately transferred to the viscometer. The temperature of the paraffin 
bath was maintained at 150°. After the solution in the viscometer had 
attained a steady temperature, it was sucked up in the capillary end of 
the instrument and the time taken for a fixed volume of the solution to 
pass through the capillary was noted by means of a stop-watch. Such 
readings were taken after different intervals of time and at different temper- 
atures (the paraffin bath was cooled to lower temperatures which were 
maintained constant) using several concentrations of the two soaps. Aniline 
was used as a standard; the time taken for:the aniline to flow through the 
capillary of the viscometer was noted at several temperatures, and the values 
of the density and viscosity of aniline at different temperatures were taken 
from Beilstein’s Handbuch der Organischen Chemie. Since the coefficient 
of viscosity of aniline was known, the coefficient of yiscosity (in c. p.) of 
the soap solutions in pinene were obtained from 


nly’ = dt/d't’. 


The ends were kept open to atomspheric pressure and throughout the experi- 
ments, the pressure head was maintained constant. 


‘The data obtained are given in Tables I and II. 


Falling Sphere Viscometer-—The apparatus was to the 
one used by Gibson and Jacobs.* The viscometer tube was selected from 
the best Pyrex glass tubing baving a uniform bore and particular-care was 
to see that the walls of the tube contained no rough surfaces. The length 
taken of the tube, one end of which was closed, was 29cm. Four marks, 
each at a distance of 5cm., and at a distance of 12 cm. from the top, were 
etched on the tube. To deliver the sphere into the mouth of the tube it was 
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TABLE I. Viscosity measurements of solutions of sodium oleate in pinene. 
A (g.) Temp. (° C.) | 


0-03 


sages 


wa 


w 


UAW 
$3 S382 


aS 


120 0-4932 
110 0.5996 
were 100 0-7685 
rm- 95 0-9126 
was 0-05 130 0-4284 
120 0-5306 
: 110 0-6806 
100 0-8523 
the 95 1-044 
d in 0-08 130 0-4560 
the 120 0-5560 
lum 
95 1-744 
was 
0-09 130 0-4724 
afin 120 0-5828 
had 110 0-7519 ; 
1 of 100 1-956 
95 2-738 
n to 
0-10 130 0-4975 
i 
100 2-515 
vere 95 4-126 
the TABLE II. Véisccsity measurements of soluticns of sodium stearate in pinene 
lues Aw) | Temp. (°C.) | | alno 
ken 
ient 0-03 130 0+4146 1-072 
120 0-4782 1-127 
) of 110 0-6094 1-305 | 
100 0-6985 1-351 
95 oe 
0-05 130 0-4217 1-098 
120 0-5081 1-198 
110 0-6482 1-389 
100 0-7859 1-520 
95 ee ee 
0-08 130 0-4421 1-142 
120 0-5380 1-268 
the 110 0-6806 1-458 
100 1-223 2-364 
om 95 1-621 2-922 
was 
0-09 130 0-4604 1-191 
gth 120 1-303 
k 110 1-486 
100 3-040 
95 3-501 
was 0- 130 1-222 
120 1-339 
110 1-528 
100 4-189 
95 5-395 
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closed with an India-rubber stopper, bored centrally, and carrying a glass tube 
(3 mm. internal diameter and 7 cm. long) cut from best Pyrex glass tubing 
of uniform bore. The height of the solution in the tube was maintained 
constant such that the delivery tube dipped 3 cm. below the surface of the 
solution. A hole in the delivery tube at a distance of 2:5 cm. from the top 
and just below the stopper, served to adjust the pressure inside and outside 
the tube. Hence when the sphere ball was dropped into the tube, it travelled 
down very slowly, leaving the end below the surface of the liquid witha 
minimum disturbance, and then fell along the centre of the tube. 


It is very important that the sphere balls should be uniform and, hence 
very great care was taken in their selection. Steel ball-bearings were found 
to be satisfactory. These balls have been guaranteed by their makers 
(S. K. F. Ball-bearing Co.) to be correct within + 0-0025mm. According 
to the specification of Gibson and Jacobs, the balls of diameter 0-15 cm. 
were selected. The density of the steel of which the balls were made was 
found to be 7-66. In order to test the apparatus, the viscosity of castor- 
oil was measured and the experimental results were found to agree well with 
the standard values. 


The gel-forming solutions of sodium oleate and sodium stearate in 
pinene were prepared in the 29-cm.-tube itself. The solution in the 
viscometer tube was well stirred by means of a thin glass stirrer to make it 
uniform. After the solution was made, the viscometer tube was taken out 
of the oil-bath and the fractionating column was replaced by the delivery 
tube, particular care being taken to see that the delivery tube dipped 3 cm. 
below the surface of the solution in the tube. After the necessary adjustments 
were made the viscometer was placed in the water-thermostat maintained 
at constant required temperature. A stop-watch was started immediately 
and then at some suitable instant, the steel balls were dropped through the 
delivery tube, and the time taken by the ball to travel the full distance of 15 
cm. length was noted by means of a second stop-watch. Such readings were 
taken at intervals of 15 seconds till the last ball travelled the complete length. 


While measuring viscosity by the Falling Sphere viscometer it was 
observed that in the early stages of gelation the spheres fell steadily in a 
straight path, but during the latter stages the motion of the sphere became 
slightly unsteady and there were very small but perceptible deviations from 
the vertical path. Sometimes, the ball fell through a short distance in an 
irregular path, remained temporarily suspended, and then sank slowly. It 
would then roll off sideways as if struck against a clotted mass and dart 
downwards, rolling and twisting. It may reach another similar portion of the 
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gel sufficiently resistant to suspend it, when the ball’s passage became more 
difficult and may finally cease altogether. These clotted masses or aggregates 
are not unattached to each other at this stage’ since on disturbing a suspended 
ball, another ball similarly suspended several centimetres lower was moved 
downwards. 


On allowing the balls to fall through different points on the surface of 
the gel, it was noticed that the time taken for the fall is much larger from 
the sides of the viscometer tube than from the middle; also the velocity of fall 
in the upper portion of the tube is much faster than in the lower one. These 
peculiarities may be due to the fact that during cooling the part of the gel 
near the side of the tube and at the bottom gets cooled more quickly than 
the middle portion of the tube, and hence the former portions of the gel will 
set or will have nearly set, while the latter portions will be far away from 
the setting stage. These observations support the conclusions drawn from a 
study of the cooling of gel-forming solutions of certain soaps in pinene.™ 
It is probable that the setting of different parts of a gel-forming solution at 
different intervals may introduce invisible heterogeneities in the gel structure. 

To reduce the errors from this source to a minimum in the viscosity 
measurements, the average of several readings made at the central por- 
tion of the viscometer tube was taken. 

The viscosities at several intervals of time during gelation were 
calculated from the equation (i) and the results obtained are given in Tables 
I-VIII. The time of fall is expressed in seconds, and the values of 


TABLE III. Viscosity measurements of sodium oleate gels in pinene 
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he 0-3268 208 
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0-5834 0-5584 | — 
Te 1-167 1-142 | 0-0577 
6-534 6-509 0-8135 
18-67 18-65 1-2707 
‘as 0-3268 0-3018 | 0-5204 
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It 0-6534 0-6284 — 0-2017 
1-401 1-376 0-1386 
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TaBLe IV. Viscosity measurements of sodium oleate gels in pinene 
Temp.= 70° C. 
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log (7—19) 
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TaBLe V. Viscosity measurements of sodium oleate gels in pinene 
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| | | | 
0-2334 0-2084 — 0-6813 
0-3034 0-2784 — 0-5554 
| 0-3501 0-3251 — 0-4880 
5 0-3968 0-3718 — 0-4327 
0-5135 0-4885 — 0-3112 
0-7001 0-6751 — 0-1706 
0-9802 0-9552 — 0-0199 
5 1-517 1-492 0-1738 
7 5 1-750 1-725 0-2367 
5 2-404 2-379 0-3764 
5-602 5-577 0-7464 
5 17-62 17-60 1-2455 
0-6500 0-2334 0-2084 — 0-6813 
0-2801 0-2551 — 0-5935 
5 0-3501 0-3251 — 0-4880 
0-9 0-4200 0-3950 — 0-4034 
1-75 0-8168 0-7918 — 0-1015 
p 2 0-9335 0-9085 — 0-0417 
: 2 1-214 1-189 0-0753 
3 1-774 1-749 0-2427 
5-019 4-994 0-6985 
12-48 12-46 1-0955 
0-8019 : 0-2801 0-2551 — 0-5935 
0-4667 0-4417 — 0-3549 
1- 0-6067 0-6042 — 0-2189 
2° 0-9802 0-9777 — 0-0098 
2: 1-260 1-235 0-0916 
4-55 2-217 2-192 0-3408 
| 26 12-13 12-11 1-0831 
Temp.= 80° C. 
| | | » | | log 
0-5500 0-1750 0-1500 — 0-8239 
0-2334 0-2084 — 0-6813 
0-2568 0-2318 — 0-6349 
0-2801 0-2551 — 0-5935 
0-3034 0-2784 — 0-5554 
0-3268 0-3018 — 0-5204 
0-3501 0-3251 — 0-4880 
0-7001 0-6751 — 0-1706 
0-9570 0-9320 — 0-0306 
| 1-284 1-259 0-1000 
1-401 1-376 0-1386 
1-750 1-725 0-2367 
ih 2-451 2-426 0-3849 
5-135 5-110 0-7084 
10-43 10-41 1-0174 
25-32 25-30 1-4031 
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TABLE V—(Contd.) 


A (g) T | log (7—1) 
0-5876 5-0-375 0-1750 0-1500 — 0-8239 
mua 0-5 0-2332 0-2082 — 0-6813 
0-6 0-2800 0-2550 — 0-5935 

0-7 0-3267 0-3017 — 0-5204 

0-8 0-3734 0-3484 — 0-4579 

0-95 0-4434 0-4184 — 0-3784 

1-0 0-4667 0-4417 — 0-3549 

1-3 0-6070 0-5820 — 0-2351 

1-5 0-7001 0-6751 — 0-1706 

1-8 0-8403 0-8153 — 0-0886 

2-25 1-050 1-025 0-0107 

2-4 1-120 1-095 0-0395 

3-0 1-401 1-376 0-1386 

3-5 1-633 1-608 0-2062 

4-5 2-100 2-075 0-3171 

5 2-332 2-307 0-3630 

6-5 3-034 3-019 0-4799 

39-5 18-44 18-42 1-2653 

0-6500 5-0-375 0-1750 0-1500 — 0-8239 
0-5 0-2332 0-2082 — 0-6813 

0-6 0-2800 0-2550 — 0-5935 

0-7 0-3267 0-3017 — 0-5204 

0-8 0-3734 0-3484 — 0-4579 

0-95 0-4434 0-4184 — 0-3784 

1-1 0-5135 0-4885 — 0-3112 

2 0-9335 0-9085 — 0-0417 

2°5 1-167 1-142 0-0577 

3 1-401 1-376 0- 1386 

3-9 1-821 1-796 0-2544 

5 2-332 2-307 0-3630 

7-3 3-641 3-616 0-5582 


TABLE VI. Viscosity measurements of sodium stearate gels in pinene 


Temp.= 40° C. 
AG.) T | 1-0 | log ( — 0) 

0-2250 5-0-5 0-2332 0-2082 — 0-6813 
0-6 0-2800 0-2550 — 0-5935 
0-9 0-4200 0-3950 — 0-4034 
1-75 0-8166 0-7916 — 0-1015 
3-5 1-633 1-608 2060 
5 2-333 2-308 0-3632 
10 4-667 4-642 0-6667 
28 13-07 13-05 1-1155 
0-3750 24-0-7 0-3267 0-3017 — 0-5204 
0-8 0-3734 0-3484 — 0-4579 
1-2 0-5601 0-5351 — 0-2715 
2:8 1-307 1-282 0-1079 
4-5 2-100 2-075 0-3171 
8 3-734 3-709 0-5692 
14 6-533 6-508 0-8137 
24 11-20 11-18 1-0483 
0-6000 1-0-9 0-4200 0-3950 — 0-4034 
te 0-7000 0-6750 — 0-1707 
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TABLE VII. Viscosity measurements of sodium stearate gels in pinene 
Temp.= 50°C. 
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Tarte VIII. Viscosity measurements of sedium stearate gels in pinene 
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0: 4200 0-3950 — 0+4034 
0-9334 0-9084 — 0-0418 
1-867 1-842 0-2653 
3-967 3-942 0-5957 
5-927 5-902 0-7710 
14-93 14-91 1-1735 
0-3750 3-0-7 0-3267 0-3017 — 0-5204 
1-2 0-5601 0-5351 — 02715 
2:8 1-307 1-282 0-1079 
5 2-332 2-307 0-3630 
; 11 5-134 5-109 0-7084 
21 9-797 9-772 0-9900 
35 16°31 16-29 1-2125 
0-6000 1-0-5 0-2332 0-2082 — 0-6813 
0-8 0-3734 0-3484 — 0-4579 
1-25 0-5833 0-5583 — 02532 
‘ 3-8 1-773 1-748 0+2425 
i4 6-533 6-508 0-8137 
| 40 18-67 18-65 1.2706 
Temp.= 60° C. 
-45 0-2100 0-1950 | 
6 0-2800 0-2550 
0-3267 0-3017 
0-5833 | 0-3583 
0-8401 0-8151 
1-773 | 1-748 0-2425 
; 3-500 3-475 0-5409 
5-601 | 5-576 0-7464 
: 11-66 11-64 1-066 
0-3750 0-2800 0-2550 — 0+5935 
0-3734 0-3484 — 0-4579 
0-4667 0-4417 0+3549 
1-633 1-608 0-2062 
2-332 2-307 0-3630 
4-667 4-642 0 +6667 
10-74 10-72 | 1-0302 
0-6000 0-2100 0-1950 — 07100 
0-3267 0-3017 — 0+5204 
0-4200 0-3950 — 0-4034 
0-9797 | 0-9547 — 0+0200 
2-240 2-215 0-3454 
6-066 6-041 0-7811 
17-83 | 17-81 1-2506 
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viscosities are expressed in c.g.s. units. Such measurements were made with 
solutions containing different amounts of the gel-forming substance (Ag. 
in 75 c.c. of pinene) at several temperatures. In the table of results ‘T’ 
the average time when the viscosity reading was taken, is expressed as 5-0-4 
which means that the first reading was taken 5 mts. after the viscometer tube 
had been placed in the thermostat, and 0-4 is the time of fall in seconds. 
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DISCUSSION OF RESULTS 


In Part II of this series of papers,!* it has been shown that the solutions 
of soaps in pinene at temperatures near about the boiling point are true 
molecular solutions. Hence an attempt was made to see if the well-known 
Einstein equation 7/7) = 1+ k¢ is applicable to these systems. Consequently 
the values of 7/7) were plotted against ¢ (the proportion of the disperse 
part to the entire volume, or in other words, the concentration of the 
solution) and the curves obtained in the case of sodium oleate are shown 
in Fig. 1. It will be noticed that straight lines are obtained for all 
solutions at temperatures above about 110°. This shows that the values 
of viscosity recorded above 110° are those for true molecular solutions 
or for sols with little or no aggregation of dispersed particles. This con- 
clusion is supported by the observation that the viscosities of these solutions 
are largely independent of time, thermal history and mechanical treatment. 

Incipient gelation of sols was detected by the abnormal increase in 


viscosity with time in the case of solutions of all concentrations between the 
temperature range 110°-100° and below. This can be clearly seen from the 


- eurves in Fig. 1; at temperatures 100° and below, steep curves which rise 


slowly are obtained instead of straight lines. It was observed that below 90° 
the time of transpiration was long and in certain cases the viscosity increased 
considerably during the actual determination. The remarkable increase 
in viscosity with (i) the lowering of temperature (upto and near about 90°) 
and (ii) the increase of soap content, can be seen from Tables I and I. For 
instance, the value of »/n» for solutions containing 0-1 g. of sodium oleate 
at 95° is nearly six times of that at 130°. It therefore appears that on cool- 
ing the soap solution in pinene below 110°, small colloidal particles or 
micelles or loose or open aggregates are formed, and their number increases 
either on increasing the soap content or on further cooling. The observed 
increase in viscosity is due to the increased shear imposed by these aggre- 
gates upon the solvent for a given amount of flow. 


The values of viscosity observed at different intervals of time during 
the sol-gel transformation of the soap solutions at lower temperatures gi e 
tise to 7—-t curves which are very similar in general characteristics; those 
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Fig. 1 
for sodium stearate are shown by means of curves in Fig. 2. All these 
curves are smooth, that is, they show no irregularities during the process of 
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gelation. Further, all these curves rise slowly at first and then rapidly 
and ultimately tend to run parallel to the viscosity axis. This behaviour of 
the gels of both soaps in pinene is analogous to that of gels of inorganic 
substances.1* 


On plotting the values of log (7-7) against f, straight line curves are 
obtained in all cases some of them are shown in (Fig. 3). This shows that 


03750 g- 


I 3 5 7 9 


Fic. 3 


the relation »—n, = ae“ is applicable to the gelation of soaps in pinene. The 
values of k for solutions of the same concentrations have been calculated 
for different temperatures and the results are given in Table IX. 


TABLE IX. Values of ‘k’ 


Sodium oleate Sodium stearate 


0+5500g. | 0-6500g. | 0-2250g. | 0-3750g. | 0-6000g. 


1-032 1-055 40 0-93 1-19 1-72 
70 0-54 0-54 1-16 1-58 
80 0-30 0-31 60 0-87 0-93 1-38 


It will be seen from the above table that the values of k decrease as the 
temperature at which the viscosity measurements are made is increased. 
These results are in agreement with those obtained by. Mardles.? 


The results obtained in this investigation may not have any absolute 
significance but they are important for the purpose of drawing inferences 
regarding the mechanism of sol-gel transformation of soap pinene systems. 


> 
d 
A\ 
d 
-08 
Temp. Temp. 
CC) 
} | 


102 Mata Prasad and others 


They show that the soaps in solutions in pinene between the boiling 
point and 110° are in a molecular state, but they go over to the col- 
loidal state and form a dilute or concentrated soap sol in pinene owing to 
the sunersaturation of the solution as it is cooled to lower temperatures. 
Further cooling results in the agglomeration of these colloidal particles 
into bigger ones and the formation of a_ gel-structure with consequent 
immobilisation of the dispersion medium. 


SUMMARY 


Viscosity measurements during the sol-gel transformation of gel-form- 
ing solutions of sodium oleate and sodium stearate in pinene have been 
made using two types of viscometers. Results obtained with the Ostwald 
type of viscometer follow the Einstein equation within a certain range of 
temperature. The regularities observed in the viscosity-time data obtained 
by the Falling Sphere viscometer during the sol-gel transformation of sdap- 
pinene systems can be conveniently expressed by the empirical reiation 
1—No= ae 

The viscosity data has been. employed for the purpose of drawing 
inferences regarding the mechanism of sol-gel transformation of soap-pinene 
systems. 
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Immanants.—Let [a,,] be a matrix of order N? and S denote any 
permutation ¢,, @,.... @y of the numbers 1, 2,....N. We put 


Let x(S) be the character of S in the symmetric group of degree N corres- 
ponding to the partition (A) =(A,, A g....Ap) of N. The immanant of the 
matrix [a,,] corresponding to (A) is denoted by [a,]® and is defined* by the 
equation 

x (S) Ps 


the summation extending to the N! permutations of the symmetric group. 
Since the character x(%) (S) is unity for every S and the character x{'%) is + 1 
for an even permutation and — 1 for an odd permutation, the permanent 
and the determinant of a matrix are special cases of Immanants. 


Immanants of a matrix formed with the elements of a finite Abelian Group. 
In this paper we consider the immanants of the matrix obtained from the 
elements of a finite Abelian Group in the following way. Let S,, S,....Sy 
be the elements of a finite Abelian Group where §, is the identity element E 
of the group and N is the order of the group. Form the matrix whose first 
row consists of the elements S,, S,....S, and whose kth row consists of 
the elements obtained by multiplying corresponding elements of the first 
row by S;. The ith row jth column element of the matrix [S; S,] is S; S;. 


Theorem.—All the immanants of the matrix [S; S;] except the permanent 
vanish and the permanent is equal to N! E. 


Proof—The element 


* D. E. Littlewood, “Theory of group characters and matrix representations of groups, 1940.’* 
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They show that the soaps in solutions in pinene between the boiling 
point and 110° are in a molecular state, but they go over to the col- 
loidal state and form a dilute or concentrated soap sol in pinene owing to 
the supersaturation of the solution as it is cooled to lower temperatures. 
Further cooling results in the agglomeration of these colloidal particles 
into bigger ones and the formation of a_ gel-structure with consequent 
immobilisation of the dispersion medium. 


SUMMARY 


Viscosity measurements during the sol-gel transformation of gel-form- 
ing solutions of sodium oleate and sodium stearate in pinene have been 
made using two types of viscometers. Results obtained with the Ostwald 
type of viscometer follow the Einstein equation within a certain range of 
temperature. The regularities observed in the viscosity-time data obtained 
by the Falling Sphere viscometer during the sol-gel transformation of soap- 
pinene systems can be conveniently expressed by the empirical reiation 

The viscosity data has been. employed for the purpose of drawing 
inferences regarding the mechanism of sol-gel transformation of soap-pinene 
systems. 
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Immanants.—Let [a,,] be a matrix of order N? and S denote any 
permutation @:,.... @ of the numbers 1, 2,....N. We put 


Let x(S) be the character of S in the symmetric group of degree N corres- 
ponding to the partition (A) = (A,, A,....Ap) of N. The immanant of the 
matrix [a,,] corresponding to (A) is denoted by [a,,] and is defined* by the 
equation 
x (S) Ps 


the summation extending to the N! permutations of the symmetric group. 
Since the character x(%) (S) is unity for every S and the character y‘'™) is + 1 
for an even permutation and — 1 for an odd permutation, the permanent 
and the determinant of a matrix are special cases of Immanants. 


Immanants of a matrix formed with the elements of a finite Abelian Group. 
In this paper we consider the immanants of the matrix obtained from the 
elements of a finite Abelian Group in the following way. Let S,, S,....Sy 
be the elements of a finite Abelian Group where §, is the identity element E 
of the group and N is the order of the group. Form the matrix whose first 
tow consists of the elements S,, S,....S, and whose kth row consists of 
the elements obtained by multiplying corresponding elements of the first 
row by S;. The ith row jth column element of the matrix [S; S,] is S; S;. 


Theorem.—All the immanants of the matrix [S; S;] except the permanent 
vanish and the permanent is equal to N! E. 


Proof.—The element 


* D. E. Littlewood, “Theory of group characters and matrix representations of groups, 1940.’° 
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Since the group is Abelian and e,, és,....éy is a permutation of 1, 2,....N, 
the product S,,S,,....S, is the same as S, S,....Sy and 

P; = (S, Sg... 
But the inverse of every term in the product S, S,....Sy is included in the 
product and therefore the product S, S,....S, is equal to a self inverse 


element in general but in any particular case may reduce to the Identify 
element itself. 


Hence 
P; = the square of a self inverse element 
=E 


Thus every term P; in the immanant is equal to E and 
[S; = x (S)P, 
s 
= EZ x (S) (1) 
s 
Since x) (S) = 1 for all S, (1) can also be written as 
[S; SJ = EZ (S) (S) 
Ss 
We have from the orthogonality relations between the group characters 
2 (S) x") (S) = 0 
s 
except when the partition (A) is (N) itself in which case 
2x) (S) (S) = N! 
Ss 
Hence all the immanants vanish except the permanent which is equal to 
N!E. 
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GRAHAM! observed that when a freshly prepared gel of silicic acid is allowed 
to stand, it exudes liquid spontaneously. Later on, many gels of widely 
different properties were found to exhibit this extraordinary phenomenon 
called “* syneresis ”’. 

Holmes, Kaufmann and Nicholas? were the first to investigate the 
syneresis of silicic acid gels systematically. They found that it increases 
with an increase in the concentration of silicic acid and mineral acids, but 
decreases in the presence of excess of organic acids. Maximum syneresis 
was observed with moderately basic gels, the liquid exuded being, in some 
instances, as much as 90% of the total volume of the gel. Later, Fergusson 
and Appleby® studied the kinetics of the syneretic process of the silicic acid 
gel by a new type of apparatus. They found that the volume of the liquid 
exuded is independent of the shape and free external surface of the gel and is 
exactly equal to the contraction suffered by the gel. Further they found 
that the more rapid is the setting of the gel, the greater is the initial velocity 
of syneresis and shorter is the period which the gels take to start synerising 
which follows an autocatalytic course. The influence of temperature on 
syneresis is very marked, the velocity of syneresis being approximately 
doubled for each 10° rise in temperature. 

In two recent communications Bonnel* has described a synerometer 
by which the velocity of syneresis and the final equilibrium can be quanti- 
tatively determined. He finds that, within certain limits, the initial 
velocity of syneresis and the final volume of liquid exuded increase with 
increasing silica content. 


The syneresis of a number of inorganic jellies has been studied by Prakash 
and Dhar® who find that it increases with time until it reaches a maximum 
value and is enhanced with the addition of increasing amounts of vate 
and with rise of temperature. 


The velocity of syneresis and the total amount of liquid exuded have also 
been measured in the case of organic gels. Lipatov® carried out a series of. 
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systematic investigations on the syneresis of geranin gels and found that the 
velocity of syneresis increases with (1) rise in temperature and (2) increase 
in the concentration of the gel; with more concentrated gels syneresis 
starts earlier but the total amount of liquid exuded is jess. He also found 
that the addition of alcohol accelerates the process of syneresis, the degree 
of acceleration increasing with the increasing amount, of alcohol in the gel. 
On examining the constitution of the synereticum exuded by the geranin gels 
he found it to consist of small quantities of single and double molecules of 
the dyestuff. 


The syneresis of viscose gels has been studied by Mukoyama’ and 
Lipatov®; both of them observed that syneresis appears earlier with dilute 
gels and at higher temperatures. 


It was observed by Prasad and Mathur® that gels of sodium oleate 
in pinene exhibit the phenomenon of syneresis to a marked extent. In the 
present investigation, the velocity of syneresis of these gels has been syste- 
matically studied, and the effects of several factors, such as concentration, 
temperature, area of exposed surface, and others, on the velocity of syneresis 
have also been determined, and the nature of the syneretic liquid has been 
examined. 


EXPERIMENTAL TECHNIQUE 


The syneresis of the sodium oleate gels in pinene is peculiarly different 
from those of the gels mentioned before. These gels leave the sides of the 
tube soon after setting and the syneresis, which starts immediately, is sponta- 
neous. Hence, the method of pouring out the liquid adopted by several previous 
workers for the measurement of the velocity of syneresis could not be used 
in the present case because the synereticum which surrounds the gel could 
not be taken out to the last drop without allowing the gels to fall out of 
the tube. 


In Bonnel’s method, the gel is allowed to set in a cone coated with a 
thin layer of vaseline to prevent adhesion and is then transferred to another 
cone, which is previously saturated with the syneretic liquid of a similar gel, 
and weighed. The cone containing the gel is placed inside the synerometer 
wherein it could be conveniently weighed and the amount of syneresis 
determined. Since sodium oleate gels in pinene are very soft, particularly 
the less concentrated ones, they do not keep their stiff form on being trans- 
ferred from one container to the other, and a little squeezing in the process 
of transference increases the amount af synereticum to a large extent. 
Hence Bonnel’s method was also found unsuitable in the case of these gels. 


E 


Studies in Inorgano-Organic Gels in Pinene—IV 107 


The procedure described below was found to give satisfactory results. 
Sodiuia oleate and pinene used in this investigation were products of 
Messrs. E. Merck and Eastman Kodak & Co., respectively. Gel-forming solu- 
tions of sodium oleate in 8-6 g. of pinene were prepared in test-tubes of the ~ 
same diameter (2r =1-45 cm.) as described in a previous communication” ; the 
tubes were tightly corked and then kept in a water-thermostat maintained at 
a constant temperature. After a known interval of time the tube was removed 
from the thermostat, wiped till the outside was completely dry, then allowed 
to cool down to room-temperature, and finally weighed accurately. Then 
the synereticum at the top of the gels was removed by absorption with filter- 
paper, small sheets of which were rolled up in the form of cylinders and were 
lowered down vertically in the test-tube till they just approached the sur- 
face of the liquid. The filter-papers were changed from time to time as they 
become saturated with the exuded liquid. Precautions were taken that the 
filter-papers did not touch the surface of the gel. When as much of the exuded 
liquid as possible was absorbed the tube was weighed again, and the loss 
in weight due to the removal of the exuded liquid was determined. Fresh 
samples of gels were taken for each reading. 


On using rolls of filter-papers of different ash content (0-00083 g., 
0-000076 g., and 0-000089 g.) for absorbing the syneretic liquid, it was found 
that the accuracy of the results was not vitiated in any way. Filter-paper 
of 0:00083 g. ash content was used throughout the investigation. 


The validity of the technique adopted for measuring the velocity of 
syneresis was confirmed by repeating an experiment several times under iden- 
tical conditions. The technique may appear crude at first sight, but the 
probable error in the reproducibility of results was found to: be fairly low, 
being of the order of +5%. 


A study of the effect of the cross-section of the tube which contained 
the gel-forming mixture showed that for any given concentration of the soap 
and at any given interval of time after syneresis has started, the amount of 
synereticum is slightly greater, larger is the cross-section of the test-tube. 
These observations are in agreement with those of Kuhn.! 


The refractive index of the synereticum exuded by gels of different 
concentrations of soaps at different intervals of time and at several tempera- 
tures was measured by means of a very sensitive refractometer (Adam Hilger 
&Co.). It was found that (i) the concentration of the soap in the gel, (ii) the 
temperature at which the gel is allowed to synerise, and (iii) the intervals 
of time at which the amount of syneresis is measured, have no effect on the 
refractive index of the synerised liquid. The values differ only in the fourth 
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place of decimals and the mean value is 1-4669. The refractive index of the 
pinene used was 1-4658, and that of pinene, saturated with sodium oleate 
at 30°, 1-4668, a value which agrees exceedingly well with the value of 
refractive index of the synereticum. This shows that the synerised liquid 
is only a saturated solution of sodium oleate in pinene, the saturation being 
with respect to 30°. 
Some of the results obtained are given in Tables I to IV. 
TABLE | 
Velocity of syneresis of sodium oleate gels at 30° C. 


Time 


(hrs) | 0-08g. | 0-09g. O-10g. | 0-125¢. 0-15 g. 
| { 
| | 
4 2-999 | 2+523 2-203 1-875 | 1-585 1-413 
3+252 2-756 2-371 2-065 1-845 1-622 
1 3-451 2-898 | 2-556 2239 | 2-004 1-758 
2 3-862 3-428 | 3-090 | 2-723 | 2-360 2-239 
3 4-127 3-631 3-428 | 3-055 | 2-675 2-512 
5 + 468 | 4174 | 3-936 3-540 3-199 2-951 
7 4-955 4-519 | 4-421 | 3-890 | 3-548 3-311 
| | | 
TABLE IJ 
Velocity of syneresis of sodium oleate gels at 70° C. 
| 0-0Sg. | 008g. 0-09 g. 0-10 g. | 0-125 g. 0-158. 
| g | g 
| 2-452 1-970 | 1-759 1-550 1-148 
2 | 2-601 | 2-165 | 1-948 1-742 | 1-480 1-300 
i | 20854 | 2319 | 20090 | 19863. | 1-624 1-398 
2 | 3-273 | 26726 | 2-480 2-240 1-979 1-777 
5 3-887 | 3-389 3+164 2-887 | 2-662 2-372 
7 40164 | 3+677- | 3-470 3-196 29.49 2-658 
TABLE III 
Syneresis of gels containing 0-08 g. of sodium oleate’ 
3-236 2-523 | 2-216 | | 15596 15570 
3 3-548 2-756 2-528 | 2-320 2-238 2-165 
1 3-846 2-898 2-657 2-486 2-425 2-319 
2 4-571 3-428 | 3-012 | 2.952 | 2.957 2-726 
3 5-070 3-631 | 3-361 3-234 3-311 3-020 
5 5-754 4-174 3-820 3-674 3-951 3-389 
7 6-310 4-519 | 4-338 .| 3-940 3-847 3-677 
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TABLE 
Syneresis of gels containing 0-125 g. of sodium oleate 


| 30° 40° 50° 60° 


The curves obtained on plotting the amount of synereticum against 
time show that the rate of exudation of the syneretic liquid is rapid in the 
beginning and slows down continuously with time. In no case are the curves 
S-shaped as was found by Fergusson and Appleby? in the case of silicic acid 
gels. The amount of liquid exuded at any temperature at any given interval 
of time after syneresis has started is smaller, larger is the soap content of the 
gel and the total amount of synereticum exuded in 7 hours is greatest from 
the most dilute gels and least from the most concentrated ones. These 
results are quite contrary to those obtained with gels of silicic acid. 


The effect of temperature on the velocity of syneresis is also marked. 
The velocity of syneresis is greater, lower is the temperature at which the gel 
is allowed to synerise. These results are again in contradiction to those 
obtained with silicic acid gels. 

It was observed that the gels of other soaps in pinene are quite firm and 
do not show the phenomenon of syneresis as remarkably as do the gels of 
sodium oleate in pinene. Further, gels of sodium oleate and sodium stearate 
in xylene synerise markedly, probably to an equal or greater extent than 
these of sodium oleate in pinene, while gels of sodium oleate and sodium 
stearate in nujol do not synerise at all. Thus it would appear that the pheno- 
menon of syneresis is not related either to the constitution of the gel-forming 
substance or to the nature of the dispersion medium, but it seems to be a 
characteristic of the gel-forming system itself. It was further observed 
that when small amounts of certain addition agents (other soaps, non-aqueous 
media, etc.) are added to the gel-forming solutions of sodium oleate in pinene, 
the syneresis is either accelerated or retarded. These effects are being 
systematically investigated into. 

The solution of sodium oleate in pinene is a molecular solution of the 
soap at a high temperature and as it is gradually cooled, it first becomes 


g. g. g. g. 
85 4-421 1-418 1-350 1-304 
2-692 | 1-845 1-661 1-584 1-569 1-480 
2-917 2-004 1-821 1-736 1-737 1-624 
3-548 | 2-360 2-212 2-188 2-114 1-979 
4-027 2-675 2-453 2-450 2-402 2-265 
4-732 33-199 2-976 2-888 2-820 2-662 
5-188 3-548 3-460 3+177 | 3-054 2-949 
DISCUSSION OF RESULTS : 
) 
) 
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saturated, and then super-saturated with the soap, and subsequently 
the soap goes over to the colloidal state with the saturated solution as the 
dispersion medium; on further cooling, further super-saturation causes 
an increase in the size and probably the number of the colloidal particles. 
All the aforesaid changes take place more rapidly the lower the tempe.- 
rature to which the solution is allowed to cool. An increase in the amount 
of the soap in the gel-forming mixture as well as cooling to a lower 
temperature increase the number of micelles in the solution. 


The colloidal particles (associated phase bf Arsem?*) in a gel are bound 
to each other by residual valencies more loosely and irregularly than in a 
crystal. Further, progressive association and orientation or alteration of 
the structural units continue during and after the setting of gels. If the 
initial arrangement of the structural units of a gel is unstable, that is, the force 
of residual valencies (binding) is weak, the shrinkage of the gel would take 
place, which would cause the exudation of liquid. Hamaker'® has shown 
that the magnitude and direction of the force between the colloidal particles 
can be determined from the curve characteristic for a particular colloid, 
obtained by plotting energy against the distance between the particles. 
Usher™ argues that if a solid framework of a rigid two-phase system be- 
comes thickened in consequence of an internal packing, the system must 
itself become physically heterogeneous, which appears to him to be an 
adequate explanation of syneresis. 


Assuming the validity of the theories of syneresis given above, it can 
be concluded that a solution of sodium oleate in pinene, on cooling, becomes 
so thickened in consequence of the internal packing that the system becomes 
physically invisibly heterogeneous and the exudation of the interstitial liquid 
phase takes place; hence, syneresis is more prominent at a lower temperature 
than at a higher one. It is not quite easy to explain the effect of concentra- 
tion of sodium oleate on the velocity of syneresis on this theory, but the 
observed results show that the linking of the structural units in the dilute 
gels is not as strong as in the concentrated ones. 


Syneresis has been considered to be a phenomenon analogous to the 
imbibition of liquid by non-swelling gels (cf. Hardy). The most important 
work on the imbibition of liquids by gels is that of the rise of water in strips 
of filter-paper. It has been found in most cases that the relation between 
the height x, to which a liquid rises in time ¢, is to a great extent represented 
by the relation 


x’ = kt (i) 
where a is approximately equal to 2. 
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According to the fibrillar theory of gel structure a gel consists of fine 
capillaries. This view has been confirmed by Bell and Cameron!* who showed 
that the velocity of rise of liquid in a gel is governed by the same laws which 
hold for the flow of a liquid in capillaries and the relation (i) is also appli- 
cable. It is, therefore, reasonable to expect that the relation (i) will also 
hold for the exudation of liquid from the capillaries of a gel. On plotting the 
values of log x (x is the amount of synereticum exuded in time #) against log t, 
straight lines were obtained in all cases; this shows that the above relation 
(i) holds true in the case of the syneresis of gels of sodium oleate in pinene. 


TABLE V 
Values of ‘a’ 

( 

Concentra- | 

(ing) 

| 
0-05 s2 | 5-35 5-26 
0-08 4-08 , 442 | 4-09 4-17 4.07 4:17 
0-09 3-89 3-75 | 408 | 3-85 3-85 4-03 
0-10 3-52 354 | | 3-64 3-64 
0-125 3-30 | 3-29 | 3-06 | 3-23 3-33 3-23 
0-15 3-12 | 3-14 | 2-93 3-17 3-17 3.23 


The values of a (given in Table V) obtained from the slopes of the 
various straight lines vary from 3 to 5 as the soap content in the system is 
decreased; it will be noticed, however, that for the same soap content the 
value of a appears to be constant at all temperatures. While attempting 
to see if there exists any relationship between the soap content c of the 
gel and the term a, it was observed that a varies with c as 


k 
a= thy (ii) 


where k, and k, are constants; their values were computed and found to be 
0-17 and 1-93 respectively. Hence the relation (i) is represented as 


ky 


For large values of c, a will be nearly equal to 2. The equation (iii) 
is of a more general character than the equation (i). 


An attempt was made to see if the exudation of liquid from the 
sodium oleate gels follows the law of the first-order reaction. For this 
purpose, the values of the uni-molecular constant (K,,) were calculated for 
different intervals of time in a given experiment and it was found that these 
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values decrease as the period of syneresis increases. It was also noticed that 
the velocity (x/t) of syneresis decreases with time. Consequently the values 
of x/t were plotted against K,, and the curves obtained were found to be 
straight lines. 

The velocity of syneresis is, therefore, given by 


dx _k,(a—x) 
dt —k, 


a = amount of pinene initially present; 
x = amount of pinene exuded at time ¢; 
k, = constants. 


This is an equation which is similar to that of an inhibited change. The 
inhibition of the velocity of syneresis of sodium oleate gels in pinene can 
be explained as follows. 


It has been stated earlier that the synereticum exuded at any interval 
of time and at any temperature by a gel of any concentration is merely 
a saturated solution of sodium oleate in pinene, and as the soap is sparingly 
soluble, we can assume that the soap content of the remaining gel is very 
nearly constant. Supposing the initial concentration of the gel is C,, 


then at any interval of time ¢, after syneresis has started the concentration 
of the gel C, is greater than C, due to the exudation of the syneretic liquid; 
hence, the exudation of synereticum by this gel of concentration C, will be 
less than that of the original gel (concentration C,) because, as has already 
been found experimentally, the concentrated gels exude less liquid than the 
dilute ones. Thus at successive intervals of time the velocity of syneresis 
goes on continuously diminishing which appears as an inhibition of the 
initial velocity of syneresis of the gels. 


SUMMARY 


The phenomenon of syneresis exhibited by gels of sodium oleate in 
pinene has been systematically investigated. The velocity of syneresis 
increases as (i) temperature is lowered and (ii) concentration is decreased. 
The nature of the synereticum has been examined. A theory has been sug- 
gested which explains the effects of several factors on the kinetics of syneresis 
of these gels. The law which holds for the imbibition of liquids is also 
applicable to the phenomenon of syneresis. Also, the kinetics of syneresis 


of these gels obey an equation which is similar to that of an inhibited 
reaction, 
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INTRODUCTION 


Since Michael Faraday* classified substances into the now well-known 
magnetic groups, a considerable amount of work, not all systematic nor of 
the same degree of accuracy, has been done and the names of Curie, Pascal 
and Langevin are associated with the earlier fundamental work on dia- 
magnetism, The most extensive and reliable experimental work especially 
with organic compounds has been carried out by Pascal during a period of 
over fifteen years® and by a carefui analysis of his results, deduced the rela- 
tionship 
Xy = 2X, +A, (1) 

where x, represents the susceptibility of each of the constituent atoms in 
combination and A a small constitutive correction term which varies with 
each homologous series. This correlation between susceptibility and che- 
mical constitution no doubt served a useful purpose at the time but the 
theoretical justification or physical meaning of these correction terms has 
not been made clear. In fact the very success of the correspondence between 
“calculated ” and observed values of susceptibility has been a deterrent 
against any other approach and even recent publications on the 
subject!*42!8 generally pass over the subject with the remark that diamagnetic 
susceptibility has no diagnostic value in structure determinations. 

The original Langevin expression for diamagnetic susceptibility assum- 
ing no paramagnetism, in the form given by Pauli’ gives for the molar 
susceptibility 


Ne? 
— (2) 


This expression has been derived on the assumption that the molecule has 
no electronic angular momentum in the absence of a field. The advent of 
the new quantum theory has naturally resulted in amodification of the 
classical relationship.2, For a polyatomic molecule with a spin quantum 
number zero, which is the most common value for all even molecules, the 
molar susceptibility is given by equation (3) (ref. 18) 

Ne? 


| m (n’, n) |? 


114 


|| 


Diamagnetism and Chemical Bonding 115 


A compound is diamagnetic or paramagnetic according as the first or the . 
second part of the expression on the right-hand side of equation (3) makes 
a larger contribution. The various theoretical evaluations that have 
been derived’*!1618 differ essentially only in their mode of obtaining the 
value of 27?. In his derivation of screening constants required for the 
purpose, Slater makes no distinctions between the s and p orbitals but the 
conception of sp hybridisation has been so successful in interpreting the 
behaviour of carbon compounds that one may reasonably assume the 
accuracy of evaluation by Slater’s method in the case of compounds of carbon 
with other elements especially of the first short period. The second part 
of the expression, however, has to be computed empirically in the case of 
polyatomic molecules making the justifiable assumption that the formation 
of a covalent bond can be associated with a contribution to the paramagnetic 
term. This constitutes essentially the bond depressions reducing the com- 
puted value of diamagnetic susceptibility. 


THe EVALUATION OF BOND DEPRESSIONS 


When Pascal attempted to correlate diamagnetic susceptibility with 
chemical constitution, the nature of valency was imperfectly understood. 
The correction terms introduced by him were obvious necessities; as they 
were with all other correlations between physical properties and chemical 
structure. A different interpretation is, however, called for with the advent 
of the electronic and quantum theories of valency. The first attempt. in this 
direction were made by Gray and co-workers,? who used Pauling’s method 
of evaluating Zr*. They evaluated the contribution to molar susceptibility 
by each atom by making use of Sidgwick’s method?* for charge distribution 
in a polar link. In arriving at bond depression values, use was made of the 
observed susceptibility of diamond and of the methylene group. These gave 
the bond depression values for a carbon-carbon single bond anda carbon- 
hydrogen bond. With these as the starting points, and taking a select number 
of suitable number of standard substances, values for bond depressions of 
other bonds were obtained. In their interpretation of reasonance hybrid 
structures, even with benzene and naphthalene, ionic structures with alter- 
nate carbon atoms carrying a positive and a negative charge have been 
postulated, and the remarkable agreement obtained between ‘ calculated ’ 
and experimental values can only be a fortuitous coincidence. Further, the 
distinction that is drawn very often between covalency and co-ordinate 
covalency is arbitrary and has no physical meaning." 

In the present communication, bond depression values have been com- 
puted by following Gray’s method, with the modification that ionic suscep- 
tibility values have been calculated by Slater’s method™ and the modification 
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by Angus.’ Also no distinction between the two ‘types’ of covalency 
have been made and the diamagnetic susceptibility of diamond recently 
reported by A. Sigamony"™* has been used in preference to the higher value 
previously used as this was found to give greater concordance between 
calculated and observed values in the case of all the compounds listed below. 


The bond depressions thus obtained are given in Tables I, II and Ill. 
(All susceptibility values are in units of 10-*.) 


Taste I. Bond Depressions of Carbon-Carbon and Hydrogen- 
Carbon Linkages 


c-C 1:98 2-08 1-34 
C=C 9-50 | 7-68 6-63 4 : 1 Octene 
Cc. 2-84 } 2-38 1-49 Benzene 

6-73 | 3-43 4-63 Heptine-1 
H-C 1:06 | 0-25 —0-43 Methylene group 


Taste II. Bond Depressions of other bonds, single and multiple 


{ 
Bond Ss A Standard 


c-oO 2-39 2-89 Diethy! ether 
Cc=0 ' 10-53 10-42 Acetone 

C-—N 1-64 3-20 Tri-isobuty! amine 
C=N 12-30 Isobutyraldoxime 
CaN 4-40 n-butyronitrile 

c -Ci 3-85 a-propy! chloride 
N-O 1-90 Ethyl hydroxylamine 
N=0 10-24 Nitroso benzene 
H-N 0-45 —1-08 Diethyl amine 
H-O 2-16 1-07 Methyl alcohol 


TaBLe III. Bond Depressions of other links involving resonance 


Depression Standard 


Chlorobenzene 
Aniline 
Nitro group 


5- 
3- 
6: 


$83 


It will be observed from the tables that whatever be the method of 
calculation adopted,* the bond depressions of a single bond between two 


® In the first four tables in this paper, the letters P, S. and A at the head of a column 
indicate that the ionic susceptibility values used in the calculations have been obtained by the 
Pauling, Slater or Angus methods. 


Bond P s A used as standard 
| 
| 
Bond 
c -Cl 
C-N 
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atoms are as a rule very much less than that of a double bond between the 
same two atoms, while a triple bond between them affects the susceptibility 
to a much smaller degree than the double bond. Also it will be noticed from 
Table III that some of the bond depressions lie between those of a single 
and a double bond. 

Using these bond depression values, the diamagnetic susceptibilityf of a 
number of compounds have been calculated and the results are given in 
Table IV. These clearly indicate that the agreement between calculated 


IV 


Calculated Values 
Compound Observed Values 


n-Hexane C,Hy, 78-5 | 16-0 76-4 
wOctane .. 98-8 99-2 103-9 99-5 
Cyclohexane “Hi, 70-0 69-7 72-9 68-2 
Trimethy! Ethylene 52-8 54-6 56-8 54-1 

lohexene As 58-0 60-0 61-8 58-4 
Toluene 68-4 67-1 67-6 67-1 
m-Xylene 80-0 78-8 78-8 
p-Cymene 103-4 102-0 104-0 103-1 
Diphenyl Methane 119-6 116-4 116-3 415-2 
Tripheny! Methane 170-8 165-7 165-0 164-6 
Acetal CH,C (OEt, 85-1 85-8 
Cineol-1 : 4 116-3 116-1 
Ethyl Alcohoi 34-4 32-9 33-4 33-5 
n-Propy! Alcohol 47-1 44-5 45-4 46-0 
Benzyl Alcohol . 72-0 70-5 69-7 73-3 
Ethylene Glycol . 39-6 34-0 38-7 
Acetaldehyde . 21-9 22-8 22-2 22-1 
Propionaldehyde 33-2 34-0 34-0 34-0 
n-Butytraldehyde 44-9 45-6 46-1 45-8 
Benzaldehyde .. 57-4 58-8 60-8 
Methy! Ethyl Ketone 44-9 45-6 46-1 45-6 
Methyin-Propy! Ketonc 56-5 57-2 58-3 57-5 
Methyl n-buty! Ketone 68-2 68-9 69-5 69-1 
Methy! mHexyl Ketone 91-6 92-2 93-7 $3-3 
Acetophenone 70-9 69-9 72-4 
Benzophenone --| 108-7 107-1 | 106-1 108-2 
Camphor 103-4 103-4 
Tri-isoamy! amine 190-5 192-3 192-1 
Ethylamine 63-3 58-5 61-0 
o-Toluidine 74+3 74-6 74+4 
Phenyl Hydroxylaminc 69-8 | 68-8 
Benzonitrile { 63-9 | 67-1 
Nifrobenzene... 61-1 61-5 
Methyl chloride 31-9 | 32-0 
Methylene chloride 46°4 
Chloroform 59-6 58-4 
Carbon tetrachloride 4-7 | 67-4 
Tetra chlorethylene “al 84-3 | 84-2 


t Since pr diamagnetic substances have been considered the negative sign that should 
precede the susceptibility values have been omitted for convenience. A negative sign in the 
bond depression means an increase in diamagnetic susceptibility. 
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and observed values is consistently better with the Slater and Angus values 
of ionic diamagnetic susceptibility than those with the Pauling values and 
of the two, the Slater values give a slightly better agreement. Further, the 
apparent increase in diamagnetic susceptibility (negative value for bond 
depression) by using the Angus values for the formation of a C—H_ link or 
an O—H one while the N—H link behaves differently is not in keeping with 
the usual periodic gradation and as such the Slater method has been preferred. 


BOND DEPRESSIONS AND BOND ORDER 


Accurate determinations of bond distances by spectroscopic, X-ray and 
electron diffraction methods have shown that a number of compounds 
reveal bond distances intermediate between those of a single and a double 
bond. This behaviour has been invariably met with in the case of compounds 
whose normal behaviour requires the postulate of resonance hybrid structures, 
An empirical curve can be drawn* 1"* showing the relationship between bond 
distance and bond order. 


Other properties that can be associated with these bonds also have been 
found to show a similar relationship.* It is, therefore, not unreasonable to 
consider that bond depressions can also be similarly correlated and the curve 
obtained (Fig. 1). 


tor 


bas 2-@ 
Fic. 
It is found on examination that while the change from a single bond to 
a double bond leads to a progressive increase in the value of the bond 


‘ 
— 
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depression, with the largest increase between bond order 1:66 and 2, 
the change to a triple bond records a distinct fall. Any explanation for this 
must necessarily be traced to the nature of the electrons in a triple link. 
The accuracy of the correlation possible is clearly demonstrated by the 
agreement between calculated and observed values in the case of a few 


compounds (listed in Table V) in which bond orders are known from 
other data. 


TABLE V. Bond Order and Diamagnetic Susceptibility 


Substance YA (Pauling) | Susceptibility | Susceptibility 
Styrene = CH, 68-7 68-2 
stilbene = at > a 118-3 119-9 
Heptine-2 HyC-C = C~CH,-CyH, 71-2 78-7 
Cyanogen N =C 1-45 22-0 21-6 


The halogens are usually considered to be monovalent in combination 
with carbon, but the measurement of dipole moment as well as the measure- 
ment of bond distances by the various methods available for the purpose 
indicate that, in some of the compounds at least, the carbon-halogen bond has 
double-bond character. The bond depression values in Table VI clearly 
show that the same conclusion can be drawn from diamagnetic susceptibility 
measurements also. If one might generalise from the figures, it appears that 
the carbon-halogen bond in chloracetone should have about 15% double 
bond character. It is interesting to note in this connection that tetra- 
chlorethylene listed in Table IV appears to behave normally. The explana- 
tion for this apparent behaviour is traceable to a mutual compensation that 
is possible in this halogenoethylene. The carbon-carbon double bond is 
known to be stretched towards the side of single-bond character and the 
consequent reduction in the bond depression value offsets the increased bond 
depression of the carbon-chlorine bond which has about 5% double bond 
character. 


y 
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% Double bond Carbon-chlorine bond 
Compound character depression 


Vinyl Chloride we 18 5-45 
Dichlorethylene 18 5-50 


With the uncertainty regarding the purity and experimental accuracy of 
the other halogen compounds, that have been measured no general correla- 
tion is feasible at present. The large discrepancy in the calculated and 
observed value for carbon tetrachloride also needs an explanation. Double 
bonded character cannot be completely excluded judging from the smal 
but definite shortening in the carbon chlorine distance in this compound, 
but this by itself may not account for the whole discrepancy. 


Diamggnetic Susceptibility of Tons 


The greatest degree of variation between calculated and observed 
susceptibilities are met with in the case of ions whether in the solid state or 
in solution. The difficulty naturally has been because it is not possible to 
determine experimentally the susceptibility of only one species of ions without 
the interference of other ions. Methods of approximation used to eliminate 
the interfering factor partly account for the differences among the workers. 
The use of measurements on the pure acids by Reichenander and other 
later workers*"* suffers from one important defect. While the assump- 
tion that the proton makes no contribution to susceptibility is correct, one 
must recognise that no free proton exists in the solution of any acid. It is 
invariably present in water as a solvated ion as OH,*. The formation of this 
new entity must necessarily alter the susceptibility of the solvent and to this 
extent, the evaluations are in error. 

In the course of the evaluation of bond depressions, the necessary data 
for evaluating the ionic diamagnetic susceptibilities of the ammonium ion 
and the nitrate ion have been obtained, and the susceptibility of the salt 
ammonium nitrate could be naturally evaluated. It can be seen from the 
following table (Table VID that the value thus obtained agrees quite satis- 
factorily with the value reported by Trew’ for this compound. 


TABLE VII. Susceptibility of Ammonium Nitrate 
213-8 : 18-5 


xy NH,NO, : 32-3 
xy, Observed : 32-6 


“oF 
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Using these values as standards for ionic susceptibilities, one may then 
build up from known values of molar susceptibilities of salts, the susceptibi- 
lities of other ions. The values thus obtained for the alkali and halide ions 
are appended in Table VIII. 


Tasie VIIi 


Susceptibilities of the alkali metal and the halide ions 
Sodium... Chloride .. .. 22°9 
Potassium .. Bromide... .. 33-4 
Rubidium .. .. 23-0 Todide 
Cesium... 


These values again differ from those calculated by Slater. Presumably, 
the approximations used while satisfactory in the case of short period elements 
excepting the very lightest, are not so accurate for the long periods. — 


CONCLUSION 


From the foregoing pages, it will be noticed that an interpretation of 
diamagnetic susceptibility data is possible by the use of bond depression 
values and ionic susceptibilities taking into account our knowledge of the 
nature of bonds involved. While the limitations of experimental accuracy 
exist, these measurements are useful as a check, where other methods indicate 
definite possible structures for an organic compound. The values obtained 
by this method for the ammonium and nitrate ions also provide a means of 
checking the ionic susceptibility of other ions. 


SUMMARY 


Using the method of Gray but with the values of ionic susceptibilities 
derived by Slater’s method, bond depression values have been set up for 
various linkages. With these values, the molar susceptibility of a large 
number of compounds have been calculated and a close agreement between 
the calculated and observed values is obtained. An empirical correlation 
is found between bond-order and bond-depression and the results clearly 
indicate the double bonded character of certain carbon-carbon and carbon- 
halogen linkages. A method of evaluating ionic susceptibilities using 
ammonium and nitrate ions as standards is indicated. 


The author thanks his colleague Mr. P. S. Varadachari of the Physics 
Department for much helpful discussion. 
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In 1864 Tuson! isolated ricinine from castor seeds and this compound was 
believed to be the poisonous principle of the seeds, till ricin, the albuminoid 
toxin was isolated and proved to be the main toxic component.*? Wayne? in 
1874 examined castor leaves and after elaborate treatment for the removal 
of chlorophyll, resin and tannins, he was able to isolate ricinine in a crys- 
talline form. He further reported the presence of large quantities of potassium 
nitrate in these leaves. The constitution of ricinine (I) was established 
through the efforts of Béttcher* and Spath and co-workers’. 


OcH OH 
| 
-CN -CN 
=O =O 
N N 


CH; CH, 
(I) (II) 

Castor leaves are usually fed to cattle and are believed to increase the 
yield of milk. They are further utilized as food material for the Eri-silk 
worms. The statement® has also been made that the leaves in the powder 
form could be made use of as an insecticide for repelling aphids, mosqui- 
toes, white flies and rust mites. This led to the present investigation and the 
chemical examination has now been conducted systematically on lines 
similar to those used by us for the other plant insecticides and poisons. 


The dried leaf powder was extracted with a series of solvents, light 
petroleum, ether, chloroform, acetone and alcohol in succession and each 
extract examined in detail for crystalline substances. Only ricinine could 
be isolated and no other substance. In the course of this study it has been 
found that ricinine is best isolated from the chloroform extract of the leaves. 
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It has now been obtained in a yield of 0-85% from this extract and identi- 
fied by a study of its properties and preparation of ricininic acid (II). The 
extract did not yield any other crystalline substance either by treatment with 
alkali or solvents. The new method of isolation is easier and far better than 
that employed by Wayne* and it shows that the leaves form the most sui- 
table material for isolating this compound. 


Search for ricin in castor leaves, adopting the method employed in the case 
of castor seeds, showed that it is not present in them. Since no other crystal- 
line substance or definite amorphous substance could be isolated, the insec- 
ticidal properties of the castor leaves are attributable only to ricinine. 
Ricinine is mildly bitter to the taste and irritant to the throat. It is toxic 
to mosquito larve when used in conjunction with soap and repellant to 
cockroaches. 


EXPERIMENTAL 


Isolation of ricinine from the leaves.—200 g. of the sun-dried leaves were 
powdered and extracted thrice with chloroform in the cold (500 c.c. portions 
each time) and the combined extracts distilled to recover the solvent. * The 
residue (13-5 g.) was taken in ether (200 c.c.) when a crystalline solid began 
to separate out. After allowing it to stand overnight, it was filtered (R) 
and the filtrate was repeatedly extracted with 5% alkali. No crystalline 
substance could be isolated from the alkali extracts. The ether solution 
was washed free of alkali and evaporated down. This residue was worked 
up by treatment with various solvents but no definite substance could be 
separated. 


Identification of ricinine —The crystalline substance (R) obtained above 
was once again treated with a small quantity of ether, filtered, washed with 
ether and dried in air. Yield: 1-7g. or 0-85%. It was pale greenish yellow 
in colour and melted at 196°. On recrystallisation from alcohol (colourless 
tablets) the melting point rose to 201°. It was soluble in common organic 
solvents and also in hot water and had all the properties of ricinine. 


1-0g. of the substance was saponified by heating with 100 c.c. of N/2 
alcoholic potash for 3 hours, the solvent distilled off and the alkali solution 
filtered. It was then acidified and the solid that separated, was filtered and 
recrystallised from hot water (colourless needles and rods). It melted at 
315°. Its properties agreed with those of ricininic acid. (Found: C, 56-3; H, 
4-3. C;H,O.N, requires C, 56-0; H, 4-0.) 


The author thanks Prof. T. R, Seshadri for suggesting the work and 
for continued interest, 
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SUMMARY 

. Ricinine has been shown to be the only definite crystalline component of 
h castor leaves. An easy method of isolating it from this convenient source is 
7" described. It is only feebly bitter and mildly toxic. 
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RELATIVE INTENSITIES OF RAMAN LINES 
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By K. VENKATESWARLU 
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1. INTRODUCTION 


Some of the earlier authors who have studied the intensity characters of the 
Raman spectra in carbon tetrachloride and benzene have given only the 
approximate relative intensities of the various Raman lines by estimating 
them visually. Daure,' Carelli and Went,? Dhar, A. V. Rao‘ and B. P. Rao® 
have made quantitative measurements of the intensities of the various Raman 
lines as compared to the corresponding Rayleigh line. The results of these 
authors show a great variance with one another. The greatest discrepancy 
in carbon tetrachloride is with respect to the well polarised total symmetric 
line at 460 


The data available are thus still meagre and the agreement among the 
values obtained by different authors is not altogether satisfactory. Hence 
an investigation of the relative intensities of Raman lines in some standard 
liquids has been taken up. 

2. SPECIAL FEATURES OF THE PRESENT INVESTIGATION 

When light passes through a prism it can be shown that the light polar- 
ised with its electric vector parallel to the refracting face of the prism is trans- 
mitted to a lesser extent than light polarised with its electric vector perpen- 
dicular to the refracting face. If we send a beam of unpolarised light 
through the spectrograph it comes out as partially polarised light as the hori- © 
zontal and the vertical components are weakened to different extents. This 
instrument error affects the relative intensities of Raman lines of different 
polarisation characters. 


A. V. Rao® calculated the effect of oblique refraction on the intensities 
of Raman lines. If 1, and I, denote the intensities of two Raman lines a 
and b before transmission, when the illumination is from the side, then 


fe becomes after transmission }# where 


I, (+o) 
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where p, and p; are depolarisation factors of the lines a and b respectively 
and o is the instrument correction. Thus well polarised: lines suffer a greater 
loss of intensity than the unpolarised ones due to the passage through the 
spectrograph. This conclusion will be different in the case where the 
illumination is from the top. 


Besides the above correction, when Raman lines having different breadth 
characters are compared, the aggregate intensities have to be taken into 
account. Both the above factors are taken care of in the present investiga- 
tion. It is possible that it is only on account of the neglect of these two 
factors, very divergent results have been reported in the literature in the past. 


3. EXPERIMENTAL 

Light scattered by the liquid in the Raman tube which is illuminated by a 
mercury arc placed on the side in conjunction with a condenser is focussed 
on the slit of the spectrograph by a Jens. The spectrum is photographed on 
a photographic plate on which is also recorded a set of graded intensity marks 
given by the method of varying slit widths. The continuous radiation em- 
ployed for the purpose of giving the intensity marks is the light emitted by a 
tungsten ribbon lamp the characters of which are known. 

The different Raman lines with the corresponding regions of the 
intensity marks are microphotometered and the aggregate intensities of the 
various lines have been obtained in the usual manner. Taking into consi- 
deration the known distribution of intensity, according to Wien’s law, in 
the radiation emitted by the lamp, the relative intensities of the various Raman 
lines are calculated. The results obtained by the author are at the room 
temperature which is about 30° C. and for A 4358 excitation. 


4. RESULTS AND DISCUSSION 


In the last column of Table I are given the results relating to the relative 
intensities of Raman lines in carbon tetrachloride obtained by the author. 
The results obtained by the others are also given for comparison. 


TABLE I 


| 
d 
nt 
‘i- 
is 
ot 
Frequency paure | Carelliand| B. P. Rao 
a cm.-* Went | > 
215 0-77 0-82 0-56 0-83 0-89 ; 
315 1-00 1-00 1-00 1-00 1-00 , 
460 0-46 0-73 0-88 0-70 1-11 
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It is obvious from the above table that the greatest discrepency is in respect 
of the well polarised line at 460 cm.-' This may be due to the fact that’ the 
earlier authors did not take the instrument correction into account. 


B. P. Rao has made a study of the intensity of the overtone line at about 
1550 cm. in relation to one of the fundamental lines and has estimated the 
ratio of the fundamental to the overtone as 7:7: 1. He might have compared 
the peak intensities of the two lines only. But the overtone line is a broad 
band extending to about 50 wave numbers, whereas either of the fundamen- 
tals has not got so much of breadth. When wecompare two lines of enti- 
rely different breadth characters, the aggregate intensities should be com- 
pared. As has already been mentioned, the author has compared the aggre- 
gate intensities and has obtained the ratio of the fundamental to the overtone 
as 4:2:1. This is a very important result and has been obtained for the 
first time by comparing the aggregate intensities. 


Table U contains the relative intensities of Raman lines obtained by the 
author in benzene along with the results of the eariler authors. 


TABLE II 

Daure | CAtelliend | Dhar A.V.Rao Author 
605 . 0-53 0-78 0-88 0-82 
850 0-39 0-42 0-42 0-34 
990 3-33 4+54 2-11 8-40 5-80 
1180 1-00 1-00 1-00 1-00 1-00 
1-67 0-75 0-84 0-80 
} 4-67 2-75 3016 } 5-10 


In Table III are given the results regarding the relative intensities of 
Raman lines in chlorobenzene. This liquid has not been studied by any 


one before. 
TABLE III 


Frequencycm.-? ..| 200 | 420 | 700 | 1000 | 1020 | 1080 | 1580 | 3065 


Relative intensities 100 | 0-69 | 1-93 0-84 0-72 0-82 2°47 
| 


5. SUMMARY 


It is suggested that the discrepancies among the results of the various 
earlier authors in respect of the relative intensities of Raman lines are due 


| 
| 
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to neglecting the effect of oblique refraction and of the different breadth 
characters of the various lines on their relative intensities. In this investiga- 
tion, the relative intensities of Raman lines in carbon tetrachloride, 
benzene and chlorobenzene are determined by comparing the aggregate 
intensities of the various lines and also taking into account the instrument 
correction. The fact that the intensity of the overtone line at about 1550 
em. in carbon tetrachloride is about one-fourth the intensity of either of the 
fundamentals is an interesting observation of this investigation. 


In conclusion, the author desires to express his grateful thanks to 
Prof. S. Bhagavantam, Hon.D.Sc., for his interest in this work. 
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Part II. 3:5:6 : 3’: 4’-Pentahydroxy-flavone 
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(From the Department of Chemistry, Andhra University) 


Received February 12, 1945 


IN Part I? the preparation and properties of 5: 6: 3’: 4’-tetramethoxy flavanone 
(I) and related compounds were described. The conversion of this substance 
into its 3-iso-nitroso-compound (IT) and further into the corresponding flavo- 
nol (IIT) could be readily effected by adopting the procedure of Kostanecki, 
It is now found to be more advantageous to carry out the preparation of the 
flavonol in one operation without isolating the isonitroso-compound as the 
intermediate stage. This is possible if excess of hydrochloric acid is em- 
ployed and the treatment is carried out for a longer period. Better yield of a 
purer product is obtained readily by this modification. Demethylation of 
(III) gave rise to 3: 5: 6: 3’: 4’-pentahydroxy-flavone (IV) and methylation 
of (III) yielded the pentamethyl-ether readily. Demethylation with hydriodic 
acid has been stated to cause conversion of 5: 8- and 5:7: 8-hydroxy-fla- 
vones into their isomers.2, No isomeric change takes place in the present 
case (i.e.) from 5: 6- to 5: 8 arrangement of hydroxyl groups, since the product 
does not give the gossypetone reaction which is characteristic of the 5: 8-di- 
hydroxy compounds. 


(I) 


(III) av) 

It is remarkable that the tetramethoxy-flavonol (III) and its methyl 
ether give marked fluorescence in alcoholic solution and not in sulphuric 
acid whereas the pentahydroxy compound does not exhibit fluorescence 
under both conditions. From the data presented in Table I it is clear that 
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patuletin® is not the same as 3: 5:6: 3’: 4’: pentahydroxy flavone and it 
should have a different constitution. This subject is being further studied. 


TABLE I 


§:6:3’:4’-Tetrahydroxy flavonol Patuletin® 


1, Flavonol | M.P. 318-320° M.P. 261-262° 

2. Acetyl derivative § ..| M.P. 195-196° M.P. 171-172° 

3, Methylether .. »+| M.P. 121-122° M.P. 159-160° 

Exhibits bright green fluor-| No fluorescence in alcoholic 
escence in alcoholic solution solution 


EXPERIMENTAL 


5:6: 3’: 4’-Tetramethoxy-3-isonitroso-flavanone 

A solution of 5:6: 3’: 4’-tetra-methoxy-flavanone! (0:5 g.) in alcohol 
(40 c.c.) was kept slowly boiling, and treated alternately in small quantities 
with isoamyl nitrite (3 c.c.) and concentrated hydrochloric acid (6¢.c.) with 
shaking. The solution gradually turned deep red. After the addition was 
over, the solution was cooled and diluted to about 50c.c. with water. A 
heavy reddish orange oil collected at the bottom and it showed no signs of 
crystallising even after leaving it in an ice-chest for 24 hours. It was therefore 
extracted with ether and from the etheral solution, the isonitroso compound 
was taken up into aqueous alkali. This procedure separated the isonitroso- 
derivative from the unchanged flavanone and amyl alcohol that are also 
extracted by the ether. The alkali solution was acidified with hydrochloric 
acid and as no solid or oil separated, it was immediately extracted with ether. 
On removal of ether, a dark brown crystalline solid (0-10 g.) was obtained. 
It was crystallised twice from benzene when it was obtained as orange 
coloured, elongated rectangular prisms melting at 172-73°. (Found: C, 
60:9; H, 5-4; C,,H,,O,N requires C, 61-1 and H, 5-1%.) 
5: 6: 3’: 4’-Tetramethoxy-3-hydroxy-flavone 

(a) Hydrolysis of the iso-nitroso compound.—To a boiling solution of the 
iso-nitroso compound (0:1 g.) in alcohol (5c.c.) concentrated hydrochloric 
acid (d. 1:19, 3c.c.) was added slowly with stirring. The liquid was left 
aside for 2 hours and then diluted with water (25 c.c.). As no appreciable 
amount of solid came down the mixture was extracted with ether. From the 
ether extract on evaporation, light brown shining crystals of the tetramethoxy- 
flavonol separated out. It was crystallised once from alcohol and then from 
dilute acetic acid, when it was obtained as shining brownish-yellow, rhombic 
plates melting at 194-6°. ' Yield 50mg. It was sparingly soluble in aqueous 
alkali yielding a bright yellow solution. With ferric chloride, an alcoholic 
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solution of the flavonol gave a dull brown colour. It exhibited bright green 
fluorescence in methyl and ethyl alcoholic solutions. It was soluble in benzene, 
acetic acid and ether. With concentrated solphuric acid a bright yellow 
solution was obtained and it did not exhibit any fluorescence. (Found: 
63-7; H, C,,H,,0, requires 63-7 and H, 5-0%.) 


(b) From 5:6: 3': 4’-tetramethoxy-flavanone_ directly. — 5: 6:3': 
Tetramethoxy-flavanone (0:5 g.) was dissolved in alcohol (40c.c.) and 
while the solution was boiling gently over a small flame, iso-amyl nitrite 
(3c.c.) and concentrated hydrochloric acid (30c.c., d. 1-19) were added 
alternately in small quantities at a time with stirring. The solution turned 
bright yellow at first and finally bright reddish orange. The hot solution was 
allowed to cool slowly and to stand for 2 hours with occasional stirring. It 
was then diluted to about 200c.c. with cold water. Within a few minutes 
bright shining yellow plates began to separate out. After an hour, the 
crystalline precipitate was filtered and washed. It crystallised from alcohol 
as bright yellow shining, rhombic plates melting at 194-196°. Yield about 


0-1 g. It was found to be identical with the flavonol obtained in the pre- 
vious experiment. 


The mother-liquor from the flavonol was repeatedly extracted with 
ether and the ethereal solution was extracted with aqueous sodium hydroxide 


‘several times. The alkaline layer on acidification deposited droplets of a reddish 
brown oil which showed no tendency to crystallise. It was, therefore, 
treated with a mixture of glacial acetic acid and concentrated hydrochloric acid 
(1:1, 10c.c.) and heated on the water-bath for 30 minutes. On diluting the 
solution a small quantity of brown powder was obtained. It was filtered and 
crystallised from alcohol when it came out in the form of shining yellow plates 
and was identical with 5: 6: 3’: 4’-tetramethoxy-3-hydroxy-flavone (50 mg.). 


3:5: 6:3’: 4'-Pentamethoxy-flavone 


5:6: 3’: 4’-tetramethoxy-3-hydroxy-flavone (0-2 g.) was dissolved in 
acetone (20c.c.) and treated with aqueous sodium hydroxide (5%, 5c.c.) 
and dimethyl sulphate (0-5 c.c.). The mixture was shaken vigorously unti] 
the initial rise in temperature was brought down. When the solution was 
cool, more alkali (3 c.c.) was added and then dimethy] sulphate (5 c.c.). Once 
again the contents were shaken vigorously. After an hour, the excess of 
dimethyl sulphate was destroyed by keeping the mixture in a boiling water- 
bath for about 15 minutes. It was then cooled and acidified with hydro- 
chloric acid. Not much solid separated out. So the mixture was extracted 
with ether; on evaporating the ether solution a pale yellow semi-solid sepa- 
rated out, It crystallised from aqueous alcohol in the form of pale yellow 


= 
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rhombic prisms melting at 121-122°. After a second crystallisation from 
aqueous alcohol, the melting point was unaffected. 


The compound was freely soluble in alcohol, ether, acetone, benzene 
and chloroform. It exhibited a bright green fluorescence in alcoholic solu- 
tion. (Found: C, 64:6; H, 5-6; requires C, 64-5 and H, 5: 


5:6: 3’: 4’-Tetrahydroxy-flavonol 


A cold solution of 5:6: 3’: 4’-tetra-methoxy-3-hydroxy-flavone (0:5 g.) 
in acetic anhydride (5c.c.) was treated drop by drop with hydriodic acid 
(d. 1-7, 10c.c.). At first there was considerable evolution of heat and con- 
sequently the addition was made slowly with stirring and cooling. Towards the 
end the acid could be added rapidly. The mixture was then refluxed on 
a wire-gauze for 3 hours. In the course of the first half hour a pale yellow 
solid separated out and caused bumping. After 3 hours, the solution was 
diluted to about 50c.c. and decolourised by passing sulphur dioxide into it 
when a yellow solid separated out. It was filtered and crystallised from 
aqueous pyridine. It was thus obtained as yellow rectangular plates which 
sintered at 310° and finally melted at 318-320°. Yield: 0:25g. (Found: 
C, 53:2; H, 4:3; C,sH,.O,, 2H,O requires C, 53-3 and H, 4-1%.) It was 
sparingly soluble in alcohol and glacial acetic acid. Its alcoholic solution was 
yellow and showed no fluorescence. In concentrated sulphuric acid, a bright 
yellow solution was obtained exhibiting no fluorescence. It did not respond 
to the “‘ gossypetone reaction” and gave a dark olive green with alcoholic 
ferric chloride. 


Synthesis of 5 :6-Dihydroxy-Flavonols—I{] 


3: 5: 6: 3’: 4’-Penta-acetoxy-flavone 

The pentahydroxy-flavone (0-1 g.) was acetylated by refluxing with 
freshly distilled acetic anhydride (10c.c.) and freshly fused sodium acetate 
(1 g.) for 4 hours. On pouring the mixture into cold water and stirring, a 
colourless white solid separated out. After crystallising twice from alcohol, 
it came out as long rectangular plates melting at 196°. (Found: C, 58-8; 
H, 4°3; CysHopO,. requires C, 58-6 and H, 3-9%.) 


SUMMARY 
The preparation of 3:5: 6:3’: 4’-pentahydroxy-flavone by Kosta- 
necki’s method and its properties are described. Its methyl ether and 


acetate have been prepared and characterised. These differ from patuletin 
and its derivatives. 
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ON THE SCATTERING OF SCALAR MESONS 


By HArIsH-CHANDRA 
(J. H. Bhabha Student, Cosmic Ray Research Unit, Indian Institute of Science, Bangalore) 


Received January 15, 1945 
(Communicated by Prof. H. J. Bhabha, F.R.s.) 


In a recent paper (Harish-Chandra, 1944, referred to as A in this paper) the 
equations of motion of a point particle interacting with a scalar meson 
field have been derived. The object of this note is to use these equations 
to calculate the scattering of scalar mesons by neutrons (or protons) on the 
classical theory, taking into account the radiation damping. This calcula- 
tion is entirely similar to the corresponding one, done by Bhabha (1939, 
1941) for the case of the vector-mesons. On account of the neglect of the 
quantum effects and the charge of the meson these calculations are subject 
to the same limitations as those of Bhabha. Since it is as yet not at all 
certain whether the actual meson has a spin of | or 0 unit, the scattering 
formule obtained here are to be looked upon as possible alternatives to those 
given by Bhabha. 


§1. We shall keep to the notation of the previous papers (Bhabha and 
Harish-Chandra, 1944, Harish-Chandra, 1944). 7 is the proper time at any 
point on the world line of the neutron measured from some fixed point on 
it. z, (7) are the co-ordinates of this point. x, denote the co-ordinates 
of any field-point. The fundamental metric tensor is taken to be 

=O Soo = — Sur = — = — 839 = 1 
A dot denotes differentiation with respect to 7*v, = z, (7) and u, = x, —2, (7). 

We shall assume that the neutron has a ‘charge’ and a ‘dipole’. 
Following Bhabha we consider the scattering due to each of these separately. 
First we calculate the scattering due to the charge alone. 


In the notation of A the equation of:-motion of the neutron is 
d 

mv, — 81 ar (U Uy) U, (1) 
where m is the mass and g, the ‘charge’ of the neutron. U’™" and 
U',™* are the modified mean-potential and field respectively. It has been 
shown in A [Egqs. (3-17) and (3-18)] that 

=U" +0, 

= — + +4 +0, (2a) 
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U is the ingoing potential and U,'*" = 3, U® is the ingoing field. We 
assume the ingoing field to be a plane wave travelling in the x,-direction, 
Assuming that the amplitude of oscillation of the neutron is small compared 
to the incident wave length we can write 


=F sin Wol, U,* 0, =0 (3) 
where t = Zo(7). We assume that the velocity of the neutron is small 
so’ that 

for k = 1, 2,3. In conformity with (3) we put (cf Bhabha, 1939) 


, = B COS (wot + 5), %,=— Burg Sin (wot + 5) : 

1, vg =v, =0 | 
We assume the amplitudes 8 and y to be small so that quantities quadratic 
in them may be neglected. Putting x, = z, (7) we get for (2) 

[sin (wot + 8) — sin + 8)], 

Up =U, = 0 (5a) 

=% (5b) 

From (2b), (4) an (5) we get 


f dr’ 


U, = g, Xx? f dr’ 


"Ie 
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(8) 


where s = xu, v = > and a = ¢ +5. Using the well-known result that 


(9) 


U, = — (P cos « + Q sin a) (10a) 
where 
4 — 0< v<1 
1 
: (105) 


| 
Substituting the value of the various quantities in (1) and putting m+ g?x= M 
we get up to terms of the first order in 8 and y 
— Bu, Msin a= — g, y cos (a — 8) 
+- B w2 [P cosa + Qsin a} 

gi Bcosa (11) 
Equating coefficients of sin a and cos a on both sides of (11) we get 
81 + [ Qu, + } 
w, P’ 


where the positive value of the square root is to be taken. P’= P— $+ } v? 
Ala 


cos 6 = 


(126) 
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so that 
0 v<l (129 
Pp’ 3/2 
v>l1 


It is clear from (12) that the quantity M+ g? Qw, behaves as the effective 


mass. For very slow oscillations w €X (v<€1) Qa — 


M +g: Qu =M 
Therefore in this case the field contributes a positive mass $g?y. On the 
other hand ir the vector meson case the field adds a negative mass — 4g? y 
for slow oscillations (¢j. Bhabha, 1939). 

To calculate the scattering we have to calculate the retarded field at a 
very distant point x, =(X, Y, Z, T) lying on the future light cone from the 
point 7 on the world line. 

= — f ay 


2220) 


T 


1 f 
where « = u(r’) v, (7’) and = (7’) Vp For a very distant point 


we can neglect the first term a and write 


T oo 
—g, f J, (Xu) Js (Xu) (14) 


Writing R = /X® + Y? + Z? we get up to terms of the first order in 8 
x’ = — Xv, = Ba, X sin + 3) ] 
ut =(T — + sin (wot’ 5) (15) 
0 


=(T — — Xv, =(T — — BX cos (wt +5) 
so that in the same approximation 
Buy X sin (wot’ + 9) 


_ Berg X Sin (wT + — we + 
ary X sin — + R*) (16) 


(u? + 3/2 
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if we write 7’ for wT +4. Thus from (14) and (16) 


(17) 


Boy X sin —v +r 
f Jo (s) s ds 


where s = xu. r = RX and vp = On evaluating (17) and retaining only 


the terms of the lowest order in 4 we find 


{2,8 sin (woT + 8), 
(18) 


&iBR (woT +8 —R — X?), > x 
For the case wy <x the aaa falls off exponentially with distance and 


obviously there is no scattering. We therefore consider the case w,> x. 
In this case the incident wave is consistently with (3) 


sin (wy t — — X? x). (19) 
The flow of energy per unit area per unit time in the x, direction as calculated 
from the energy-momentum tensor 
l 4rT,, = U, U, — 48,, (U, Ur — x? U4) (20) 
is 
(21) 
where the bar denotes the average over time. Similarly the flow of energy 
due to (18) in the direction of the radius R across an element of surface 
subtending a solid angle dQ is 

cost (08 — aa 

0 


(22) 


where 6 is the angle between the incident and the scattered wave ie., 
X/R =cos@. The differential-scattering cross-section in the direction 
6 is therefore 


co 
0 
it 
1) 
8 
| 
p? — x*) 
we 
5 
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from (12a) if we put = =a. Integrating over all directions @ we find 
1 
that the total cross-section is 


127 


3 
(08 29) + [30 + 3x 


For the spin | case the scattering of the transverse mesons is given by (Bhabha, 


1939) 


For high energy this is half of (24) independently of the value of g,. 
For xy = 0 (24) becomes 


2 AQ (24) 
6n (1 +4 


127 
+ 
which is of the same form as the corresponding formula of Dirac (1938), 


24n 
viz., Oa? + dat for the scattering of light by an electron. As found in 


other cases the cross-section (24) decreases with increasing w, as = for 
0 
high frequencies. 


§2. We shall now treat the scattering by the neutron due to the dipole- 
moment alone. We denote the dipole-vector by g,S*. As already pointed 
out in A we have to assume 


S* vq - 0 (25) 
The equation of rotational motion is [Eqn. (5-36) of A] 

= 82 [S, u, — §, Uz) (26) 
where = U,’™™" — v, (v U,'™"). iS the tensor which is anti- 
symmetric in each pair of indices and ¢.; = —1. Following Bhabha 
we put m equal to infinity to simplify the problem. In this case we find from 
the translational equation that 3, = %, = ....=0,sothat we can consider 


the dipole in the rest system. In the usual three-dimensionai vector notation 
(26) can be written as 


1S =g, [S-U'™"] (27) 


where the components of S and U’™" are S,; and U’,™" (k =I, 2, 3) 
respectively. The bracket denotes the vector product. 


Using (25) we find from (3°19). of A that 
U’,m = +82(; +% +0, (28) 


| 
| 
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where 

= 82x? f s, 2200) ay (29) 
Here we have used the fact that 7 =f and u, = us = u, =90 so that 
Stu, Also 

u=Uu=t—? 
so that 

(30) 

0 


It is to be noted that the right side of (30) is the same as 4+ G of Bhabha 
[1941, Eqn. (68)] if we replace M by S there. (27) can now be written as 


18 = g, [S-U®] + [S-S] +4 x? [S-S] + g, (S-U] (31) 
This equation is the same as Eqn. (66) of Bhabha (1941) if we replace 
H by 2 Uis, M by S and I by 2I in the latter and put K = 0. Thus corres- 
ponding to equations (69) and (70) of Bhabha we put 

U =4H, cosa, t =4H (32) 
S(t) = Sy +S, sin wy t + S, sin (wot + 8) (33) 
where S, is the initial direction of the dipole and S,, S, and S, are mutually 
perpendicular and such that S, is along [S9°S,]. We assume S,? = 1. 


Substituting (32), (33) in (30) and (31) we get corresponding to Eqn. (74) of 
Bhabha 


S; [« COS wy t + ist {€ sin (we t+ 5) — cos +8)}] 
+ we Sz [« COS (wot +5) — {€ SiN wet — cos at} | 
3 
~ Hp] cos wot (34) 
where a = = and 
3 2 qy2)3/2 
| (35) 
= x 
f= y2)3/2 
) X (36) 
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Here the value of a is twice that used by Bhabha [Eqn. (73) l.c.], while ¢ and £ 
are the same as in his case. Since (34) is identical with Eqn. (74) of Bhabha, 
all the further results derivable from it in terms of a, €, Z remain the same. 


Thus we get 


tan 6 = — a (37a) 


S, 
vere (378) 
3a sin 6 
|S, | = 2g, wo [(a? C2)? + 4a? (37c) 
4 being the angle between S, and Hy. The work done by the external force 
on the dipole is on the average 
_ sin’ 0 s+ 

— $2, S) = 8 (a? — & + 4a? (38) 
To obtain the scattering we have to calculate as before the retarded 
potential U’” at a very distant point X, Y, Z, T lying on the future light 

cone from the point z, (r) = (0, 0, 0, 2). 


Usin f "Yo ar\ (39) 


uz = (T t’)? — R2 (40a) 
= Vv + R? (406) 
Retaining only terms of the lowest order in 4 we get 


co Se 


2 + R2 
+ Sz cos (wT +5 — wy Vu? + R®)}-udu (41) 
a) The term 


inside the divergence can be evaluated and up to the terms of lowest order in 


= 82 div’ Jo (xu) {S, cos (wT — Wy + 


2 d 
where the components of divergence are 4 = Gx ay SY’ az 


> it is equal to 

—R 

=. [S, sin + S, sin (wT + 8)] for x 
sin T — R Vwi —X’) 


+8, sin (wT +6 —R Vwi — x*)} for Wy > X 
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so that to the same approximation 


+o sin +8)] for 
(42) 
(R S,) 


cos (mr +5—R —*)] for wo> x 


where R = (X, Y, Z). (42) would agree completely with the expression (84) 

of Bhabha for U;* if we replace the scalar products with R by vector products. 

When w, < x there is no radiation. For we> x the average rate of radia- 
tion in the direction R inside a solid angle d 2 is from (20) 

2 2 R S 2 

— x98 wy [ESP BS) 

R S,) (R S.) 

R2 


+26 cosd] d2 (43) 


corresponding to (84) of Bhabha. The total radiation obtained by integrating 
(43) over all directions is 


82 (ws — wo (|Sy|? + (44) 
which is the same as (38) due to (37) and (36). The energy flow due to 
the incident wave (32) is 

327 — x? (45) 
The total effective cross-section for the scattering of the scalar meson wave 
is therefore from (45), (44) and (38) and (36) 
2 x*)? a? + £2 + (2 
127 sin? @ (46) 
In terms of a, &, ¢ (46) is the same as Eqn. (82) of Bhabha except for a factor 2. 

Substituting the value of € and ¢ the scattering cross-section becomes 


12m sin? (ws — a? + (ws — x4)? + x° (47) 


{a? w? + (w? + — 4a2 w? x 
Except for a factor 2, (45) agrees entirely with Eqn. (88) of Bhabha in which 
K has been put equal to zero. For small g, and not very high frequencies 
we can expand (47) as a series in ascending powers of go. The first term is 


4 sins 9 


(48) 


| | 
) e 
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which is exactly half of the corresponding expression (86) of Bhabha. Thus 
for large ws the scattering is double (independently of the value g,) and for 
small w, half that of transverse vector-mesons. The formule (47) and (48) 
have already been discussed by Bhabha in detail. 

§3. The above theory will now be compared with the quantum theory 
of neutral mesons. For simplicity we put c=1, #=1. The total 
wagrangian for the neutron and the meson fields together is taken to be 


4-4(, U-% U— x? U%) (49) 

Here y# are the 4-rowed square matrices satisfying 
yh + y? yt = 
and 8 = y°. 4 refers to the neutron field and + is its hermitian conjugate. 
y's are related to the usual Dirac-matrices a and 8 by 
a= a’, = B(y’, 
We assume 2 and 8 to be Hermitian. u is the mass of the neutron. The 
terms containing g, and g, in (49) represent the usual ‘ scalar’ interactions 
for the charge and the dipole respectively while those containing g,’ and g,’ 
represent the corresponding ‘ pseudo-scalar’ interactions. Evidently in the 
classical theory there is no distinction between the scalar and pseudo-scalar 
interactions since this distinction arises only from the y-matrices. To 
simplify (49) we use the usual representation of a and 8 through two sets 
of mutually independent Pauli matrices. 
a =p, (0, 03), 8 =p, 

With this substitution (49) simplifies to 


+4 U— x? (50) 
where U = (0, U, 3, U, 3, U), U, =2, U. The Hamiltonian of the system 
for only one neutron present is found as usual and on ignoring the infinite 
self-energy of the neutron terms out to be 


(81 — 22) (ee — ax (4) 
(Nz+ 4) 1) 


. 
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where k, = + Vx* + [k|*, Ny is the number of mesons in the momentum 
state k and a, and ax are the corresponding absorption and emission opera- 
tors respectively. 

=1 
As usual V is a large volume in which the field quantities are periodic. 


Corresponding to the treatment of §2 we put g, = g,' =0 and regard 
the neutron as an infinitely heavy particle (u—>oo). A straightforward 
calculation shows that the scattering due to a pure ‘scalar’ dipole-inter- 
action (g2’ = 0) is zero in the usual second order (g$) approximation. This 
result holds even when the calculation is perfor ed taking into account the 
finite mass of the neutron. Also the terms containing both g, and g,’ 
vanish for 4 —>co, so that in this limit the contribution to the scattering 
comes purely from the pseudo-scalar interaction. The differential scattering 
cross-section is thus found to be for p —>co 


do = 4 dQ sin? ¢ (52) 


where p is the momentum, E the energy and ¢ the angle of scattering of 
the meson. The total cross-section is therefore 


A is the value of the dipole-moment in the usual units as against its value 
g,’ in the ‘ Heaviside-units’ which were employed till now. On putting 
=} (=4 since & is put equal to 1) and averaging over all 8, (48) becomes 


identical with (53) except for a factor 3. This discrepancy is due to the 
well-known (cf. Bhabha, 1941, footnote on page 340; also see Bhabha and 
Madhava Rao, 1941) difference in the classical and the quantum average 
over the direction of the spin of the neutron. In fact (52) also agrees to the 
same extent with the corresponding differential cross-section obtained by 
dividing (43) by (45), expanding in powers of g, and retaining only the lowest 
term. 


I am thankful to Prof. H. J. Bhabha for his criticism and advice. 


SUMMARY 


The classical formule for the scattering of scalar mesons by a neutron 
are obtained taking account of the radiation damping. The neutron is 
assumed to possess a ‘charge’ and a ‘dipole moment’. The scattering 
due to each of these is treated separately. It is found that the formule for 
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the scattering due to the dipole has exactly the same form as the one obtained 
by Bhabha for the transverse mesons. Due to numerical factors the scatter- 
ing for large energies of the incident mesons is double, and for small energies 
half that of transverse vector-mesons. 


The scalar and pseudo-scalar charge and dipole interactions are con- 
sidered in the quantum theory. The scalar dipole interaction does not give 
rise to any scattering at all, the whole of the scattering being due to the 
pseudo-scalar interaction. In this case the quantum-theoretical formule 
agree with the corresponding classical ones if the effect of radiation reaction 
is neglected in the latter. 
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In previous publications! the chemical components of the latex and stem 
bark were described. The root bark is also used to some extent as a plant 
drug and as a poison. This material was previously examined by Hill and 
Sirkar.2, The extract obtained by boiling with 95% alcohol was separated 
by them into four fractions: (1) an oily substance, (2) a white solid, (3) 
a substance looking like gutta-percha and (4) a yellow bitter principle. 
From (1), (3) and (4) no chemical entity could be obtained. Though the 
bark yielded a gutta-percha like substance, the authors did not consider it 
to be chemically related to gutta-percha. They did not find any caoutchouc. 
On the other hand, fraction (2), the white solid, when repeatedly crystallised 
from alcohol, yielded two products, (A) white nodular crystals melting at 
140° and (B) white needle-like crystals melting at 210°. (A) was given the 
formula C,;H;,0, and was found to be an ester. By the saponification of 
(A) with potash a crystalline alcohol melting at 176° was obtained. This 
was named mudarol and was found to have the formula Cy 9H,,0.. Its 
acetate had the melting point 195-96°. By the oxidation of this alcohol 
with chromic acid mudaric acid (Cj,H,,O,) was obtained. As the other 
product of saponification isovaleric acid was isolated and consequently (A) 
was considered to be the isovalerate of mudarol. Analysis of the needle- 
shaped crystals melting at 210° (B) agreed with the formula C,,;H,.O;. On 
saponification it yielded besides potassium isovalerate, a new alcohol melt- 
ing at 215°. It was given the formula C,,H,,O, and the name akundarol. 
Its acetyl derivative melted at 222°. The substance (B) was therefore con- 
sidered to be akundarol isovalerate. Akundarol also was reported to give an 
acid, akundaric acid on oxidation with chromic acid. These authors record- 
ed that both these alcohols and their isovalerates gave colour reactions similar 
to those of sterols and they considered that they were quite different from 
resin alcohols isolated by Cohen and Van Romburgh from various latices and 
resins. (The names of the compounds are derived from the Hindi and Bengali 
names of the plant.) 
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The dried root bark has now been examined on the same lines as the 
stem bark! already described. The ligroin extract contained almost the 
entire wax and resin components. It was separated into three main frac- 
tions using alcohol: fraction (A), least soluble in alcohol; fraction (B), 
middle fraction; and fraction (M) (mother liquor). Since no definite substance 


could be obtained from (A) and (B) by repeated crystallisation, they 
were separately saponified. 


The unsaponifiable matter from (A) had all the characteristic ‘properties 
of triterpene alcohols. By repeated fractional crystallisation a crystalline 
solid melting sharp at 176-7° and having a characteristic appearance (hexa- 
gonal plates) could be isolated. It was a dextrorotatory alcohol, its composi- 
tion agreeing with the formula C,,5H,,0,. Its colour reactions were similar 
to those of the calotropeols, and different from those given ordinarily by 
sterols. Further it did not form a digitonide. Since its crystal structure, 
melting point and composition agree with those given for mudarol and since it 
seems to be a definite entity we propose to retain the original name mudarol for 
this substance though there seem to be differences in the description of colour 
reactions and derivatives and it seems to be definitely a resinol. Besides 
this substance, B-amyrin could also be obtained. ‘In the tail fractions there 
were small quantities of substances which could be considered to be tetra- 
cyclic triterpenes and sterols as obtained in similar fractions in the stem 
bark; but the quantities were very small. The acid portion consisted mostly 
of long chain solid fatty acids (C,,-C;.) and small amounts of liquid fatty 
acids. Thus (A) consisted mostly of esters of the triterpene alcohols, 
mudarol and f-amyrin with these non-volatile fatty acids. 


Bark Powder (3-5 k.g) 
Ligroin Extract (115-0 g.) 


Solid (50 g.) 


| 
Acids ‘Og.) Unsaponifiables (25-0 g.) 


| 
—Cy acids -Amyrin; Mudarol: 
acids Sterols 


0g) 


| 
E D é Acetic, 
Isovaleric Tetracyclic p-Amyrin Mudarol Isovaleric 
acids compounds acids 


Solution 
| | 
B (28-0 g.) 
B-Amyrin | 
acetate | 


| 
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Fraction (B) was found to consist almost completely of esters of the 
above alcohols with volatile fatty acids. Mudarol and £-amyrin could again 
be isolated in definite quantities from this fraction also. From (M) free 
f-amyrin acetate could be isolated’ by simple crystallisation thus confirming 
that acetates were present in the esters. The details of the study of the wax 
and resin components are diagrammatically represented above. 


The subsequent ether and chloroform extracts of the root bark seemed 
to contain small amounts of cardiac poisons giving tests for sulphur. The 
alcoholic extract gave indications for the presence of tannins. Otherwise no 
definite components could be obtained from them. 


In the course of our investigation of the root bark ng substance corres- 
ponding to the description of akundarol of Hill and Sirkar could be obtained 
though we made several experiments and looked for it. The reported 
properties of this substance do not agree with B-amyrin: which is definitely 
found in the roots and which they missed . The gutta-percha like substance 
of Hill and Sirkar should have consisted of the esters of resinols mixed with 
tannins and other materials since they used alcohol for extraction. The iso- 
lation of B-amyrin in our work shows conclusively that the roots also contain 
triterpene alcohols. 

It may be useful to note here the resemblance between the roots of Calo- 
tropis gigantea and those of Decalepis Hamiltonii and Hemidesmus indicus 
all of which belong to the family Asclepiadacea. The waxy matter in all the 
three consist mostly of resinol esters of non-volatile and volatile fatty acids 
and contain negligible amounts of free aliphatic acids, alcohols or 
hydrocarbons. The following table brings out details: 


H. indicus C. gigantea 
1. Pure resinol esters B-amyrin acetate p-amyrin acetate B-amyrin acetate 
isolated 
2. Major components (a) g-amyrin (a) g-amyrin (a) i 
c) Lupeol (c) Lupeol , 
3. Minor components ..| (@) Tetracyclic resi- | Tetracyclic resinols | Tetracyclic resinols 
(5) Sterols Sterols Sterols 
4. Acids derived from Acetic ; liquid and | Acetic; liquid and | Acetic; isovaleric ; 
esters solid acids solid iad liquid ‘and solid acids 


EXPERIMENTAL 


A large number of the plants of Calotropis gigantea were dug out of the 
earth and the roots were carefully separated from the stems. The root bark 
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was thick and colourless and could be easily separated from the inner woody 
portions when fresh. It was dried in the sun and ground into a coarse powder. 
During drying and storing it was not attacked by fungus or insects. 


The coarse pewder (3-5 kg.) was subjected to continuous extraction 
with ligroin (b.p. 80-110°) for about 24 hours and the solution distilled in 
order to remove the solvent completely. A brownish yellow sticky residue 
weighing about 115g. was obtained. It was boiled under reflux twice with 
rectified spirits employing 500 c.c. of the solvent each time. The clear super- 
natant solution was decanted off at about 60°. The sticky semi-solid mass 
left behind was marked (A). The alcoholic solution was concentrated to 
about 200 c.c. and the solid matter that separated out was marked (B). The 
mother liquor did not deposit any solid when allowed to stand, for several 
days; it was marked (M). 

Fraction (A): Esters of resinols with higher fatty acids 


The solid (50-0 g) melting round about 60° was dark brown in colour 
and was very sticky. It dissolved in ether, chloroform and benzene casily 
and was sparingly soluble in methyl and ethyl alcohols. No crystalline com- 
ponent could be isolated from it by fractional crystallisation employing 
different solvents. Hence it was subjected to saponification using benzene 
and alcoholic potash according to the procedure described in previous publi- 
cations and the unsaponifiable matter and the fatty acids were examined. 


Unsaponifiable Matter: Resinols 


It consisted predominantly of crystalline material mixed up with some 
yellow amorphous solid (25-0 g). It was dissolved in alcohol (400 c.c.) and _ the 
solution slowly concentrated to about (250 c.c.) and allowed to stand over 
night. The crystalline solid that separated out was filtered off and marked 
(A-1), similarly fraction (A-2) was obtained after concentration to 150 c.c., 
(A-3) after concentration to 75 c.c. and (A-4) after concentration to 40 c.c. 
Fraction (A-5) was the residue left after evaporating the final mother liquor. 
Fraction (A-1): (Mudarol) 

This fraction (3-0 g.) was in the form of a crystalline powder; under 
the microscope it appeared as broken plates. After one more crystallisa- 
tion from alcohol it melted sharp at 176-7° and had a definite crystalline 
shape (hexagonal plates). No further rise in the melting point and no 
change in structure could be effected by repeated cystallisation (Found 
C, 82-1; H, 11-1; CypHygO, requires.C, 81-8; H, 10-9%); [u]g*°, + 92-5° in 
chloroform solution. (Found: Iodine value, 55-2; C,)H,,O. requires for one 
double bond, 57-5). With the Salkowski reagent it produced a yellow solu- 
tion exhibiting green flourescence. In the Liebermann-Burchard reaction 
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addition of a drop of sulphuric acid produced a pink solution which changed 
to purple in an hour, then slowly to pale blue in about 2 hours and 
finally faded to yellowish brown. Addition of a few drops of water 
expedited these changes. It did not react with digitonin. 

Fraction (A-2): (Mudarol and B-amyrin) 

The solid (6-5 g.) was found to be a mixture of compounds having two 
different crystalline structures, hexagonal plates and flat needles. ‘They 
were picked out as far as possible and separately purified. Mudarol and 
B-amyrin were found to be the components. The former-being markedly 
less soluble in alcohol came out first during the crystallisations.. The 
hexagonal plates consisted mainly of mudarol and the needles of B-amyrin. 
Fraction (A-3): (B-amyrin) 

It crystallised from alcohol in the form of long needles and melted az 
about 180°. Repeated crystallisation did not yield a pure compound. 
Hence it (4-0 g.) was subjected to acetylation by boiling with acetic 
anhydride and sodium acetate for 3 hours. The resulting product was dis- 
solved in ethyl acetate (50 c.c.) and set aside for a day whereby a shining 
crystalline solid in the form of stout prismatic rods separated out. After one 
more rapid crystallisation from the same solvent the substance was obtained 
in the shape of tiny shining rods and melted sharp at 238-39°. . When 
it was mixed with 8-amyrin acetate obtained from the latex no depression 
in the melting point was noticed and hence its identity was established. 
From the ethyl acetate mother liquors mixtures melting indefinitely at 
about 220° were obtained and they could not be further Sent 
Fraction (A-4): (Resinols) 

This fraction (4-8 g.) appeared as a mixture of colourless wi and 
yellow resin. It was subjected to acetylation by boiling with acetic anhydride 
(15 c.c.) and sodium acetate. The resulting product was crystallised from 
ethyl acetate (50 c.c.) when a sparingly soluble solid separated out in the 
form of hard crystals melting at about 230°. The above fraction on further 
purification by crystallisation from ethyl acetate yielded f-amyrin acetate 
melting at 238-9°. The original ethyl acetate mother liquor was concentrated 
in stages and solid products which were found to be impure 8-amyrin 
acetate were removed. The filtrate obtained from above was evaporated 
to dryness and the residue was crystallised from alcohol. By this operation 
a small amount of a colourless solid giving a yellow Liebermann-Burchard 
reaction was obtained. The reaction mixture exhibited an intense green 
fluorescence and in the course of two hours the colour changed to pink the 
fluorescence disappearing at the same time. However it melted indefinitely 
at about 170° and could not be further purified (yield 0-2 g.). 
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Fraction (A-5) 


It was obtained as a sticky, yellow solid (3-0 g.). No crystalline 
compound could be obtained from it even after acetylation. It gave a blood 
red colour in the chloroform layer with the Salkowski reagent and a plav 
of colours, pink-blue-green with the Liebermann-Burchard reagent indicating 
the possible presence of sterols. 

Fatty Acids 


The acid mixture (21-0 g) (obtained by the decomposition of the soap) 
was dark browrin colour and melted at about 72°. On treatment by 
the lead-salt-ether method it yielded 95% solid acids. On crystallising the 
solid acids from alcohol the top fraction (12-0 g) was obtained in the form 
of rhombs and it melted at 84-86°. It had a mean molecular weight of 
478-2 and therefore seemed to be composed of Cyp acids and its homologues. 
The subsequent fraction was found to have a melting point range of 65-69° 
anda mean molecular weight of 350. Consequently it was considered to 
be made up of C,, acid and its near homologues. The liquid acids recovered 
were very small in quantity and could not be characterised. 


Fracticn (B): Esters of resinols with steam yolatile fatty acids 


This fraction (28-0 g.) was divided into two by digestion with hot 
alcohol (250 c.c.). The undissolved portion was marked (B-1) and the 


dissolved portion (B-2). 
Fraction (B-1): (Esters of mudarol, 8-amyrin and tetracyclic resinols) 

This fraction (19-0 g.) was a mixture of some colourless crystalline and 
of some yellow amorphous substances. It melted at about 160° and pro- 
duced the usual pink solution with the Liebermann-Burchard reagent and 
yellow solution with the Salkowski reagent. It was subjected to saponi- 
fication by boiling its benzene solution (500 c.c.) with 8% alcoholic potash 
for 15 hours. The major bulk of the solvents was then distilled off and the 


concentrate was largely diluted with water and reapeatedly ether extracted. 
All the ether solutions were united and dried. 


The soap solution was heated to remove the last traces of the solvents, 
acidified with sulphuric acid and steam distilled. The aqueous distillate 
had an offensive smell suggesting the presence of isovaleric acid. The 
presence of acetic acid was also detected in the distillate by making use of 
the lanthanum nitrate test. The aqueous sulphuric acid solution on ether 
extraction did not yield any non-volatile fatty acid. 


The unsaponifiable matter was digested with boiling alchol (400 c.c.) 
and set aside for 12 hours. A good crop of hard crystals (7-5 g.) settled 


4 
| 
| 
| 
| 
| 
| 
| 


Wax and Resin Components of Calotropis gigantea 153 


down and they were separated by filtratiom. This fraction was marked 
(C). The alcoholic solution was concentrated to about 100 c.c. and the 


fraction that separated was marked (D). The remaining mother liquor’ 


constituted fraction (E). 


When fraction (C) was crystallised twice from alcohol, it yielded a 
homogeneous crystalline solid having the characteristic crystal appearance 
of mudarol (hexagonal plates) and melting at 176-77’. It was found to be 
identical with the sample of mudarol already described. 


Fraction (D) (4-5 g.) 


It appeared as long needles under the microscope and produced a pink 
solution with the Liebermann-Burchard reagent. It melted at about 160° 
and could not be further purified by simple crystallisation from different 
solvents. Hence it was subjected to acetylation by boiling with acetic 
anhydride in presence of sodium acetate. The crude acetate which was 
coloured, was dissolved in benzene (75 c.c.) and decolourised with a pinch 
of animal charcoal. To the benzene solution an equal volume of alcohol 
was added and the mixture was concentrated to about 100c.c. As the 
result a hard gritty crystalline solid melting at 185-90° separated out and 
after one more crystallisation from ethyl acetate its melting point rose to 
220-25°. After two further crystallisations from the same solvent it yielded 
a small amount of substance melting at 238°. It was found to be identical 
with 8-amyrin acetate by taking a mixed melting point. The mother liquors 
obtained from the crude B-amyrin acetate on concentration yielded crops 
melting at 160-190°. And no pure substance could be obtained from them 
by crystallisation. Fraction (D) thus seemed to be consisiting predomi- 
nantly of §-amyrin. 

Fraction (FE) 


It yielded an amorphous residue (3-0 g.) which was studied by the acetate 
method. On crystallising the acetates from ether, the top fractions 
contained 8-amyrin acetate and the pure substance could be obtained by 
recrystallisation. The tail fractions yielded a small quantity (0-2 g.) of a 
colourless substance melting round about 162°. Even after repeated recrystal- 
lisation from alcohol the melting point was not definite (Found: C, 81-9; 
H, 10:9; CygH;.O, requires C, 82-1; H, 11-1%); [o]g*°, + 32-0 in 
chloroform solution. It produced a yellow solution with intense green 
fluorescence in both Liebermann-Burchard and Salkowski reactions. When 
it was treated in chloroform solution with dry hydrogen chloride at 0° the 
product melted round about 220° and gave colour reactions characteristic 
of penta-cyclic triterpenes (Liebermann-Burchard reaction, pink). The 
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possible presence of tetracyclic triterpene alcohols in this fraction was thus 
indicated. 
Fraction (B-2) (3-0 g.) 

This was also saponified and the unsaponifiable matter repeatedly 
crystallised from alcohol. A sharp melting pure substance was thus 
obtained. [t was identified as f-amyrin by comparison with an authentic 
sample and conversion into its acetate melting at 238°. The fatty acid 
portion was found to consist of steam volatile fatty acids. 

Mother liquor (M): (8-amyrin acetate) 

The original alcoholic mother liquor obtained after filtering off solid 
(B) was distilled to recover most of the solvent. The concentrated solu- 
tion (50c.c.) was very viscous. It was set aside for a mumber of days to 
facilitate crystallisation. Slowly a granular solid began to separate out and 
its deposition was hastened by keeping the contents in an ice-chest. It was 
found to be a mixture of a crystalline component and an amorphous yellow 
solid; the latter was removed by repeated washing of the mixture with 
alcohol. The colourless solid thus obtained (4-0 g.) had a melting point 
range of 195-210°. To effect further purification it was dissolved in boiling 
ethyl acetate (75 c.c.) and the solution was allowed to cool slowly whereby 
a crystalline solid melting at about 225° was obtained. After one more 


crystallisation from the same solvent its melting point was raised to 238-39° 
and the pure substance had the appearance of narrow prismatic rods. 
On hydrolysis with alcoholic potash it yielded an alcohol melting at 195°. 
The acetate and the free alcohol were found to be identical with authentic 
samples of 8-amyrin acetate and 8-amvrin. 


SUMMARY 


The wax and resin components of the root bark of Calotropis gigantea 
have been examined. A substance corresponding to the description of 
‘mudarol’ of previous workers could be isolated. However, its properties 
indicate that it is a triterpene alcohol and not a sterol. §-amyrin is also 
found as a major component. These two alcohols are present as esters of 
volatile and non-volatile fatty acids. 8-amyrin acetate could be isolated 
by direct fractional crystallisation. No substance corresponding to the 
description of ‘akundarol’ of Hill and Sirkar could be found. 
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IN connection with the constitution of patuletin' it has been found necessary 
to prepare 6: 7-dihydroxy-flavonols and study their properties. That there 
should be some relation between patuletin and quercetagetin is based on the 
fact that they are present in closely related plants. It has recently been shown 
that 5:6:3’: 4’-tetra-hydroxy-flavonol® is not identical with patuletin. 
The possibility of its having a 6: 7-combination of hydroxyl groups is not 
altogether excluded though most of its reactions favour the 5: 6-combina- 
tion. The present paper describes the synthesis of 6: 7: 3’: 4’-tetra-hydroxy- 
flavono! and its derivatives. 


Bargellini and Bettolo* have recently reported the preparation of 6: 7- 
dihydroxy-flavones and flavonols. They oxidised peonol with alkaline 
persulphate to obtain 4-methoxy-2: 5-dihydroxy-acetophenone (I). This 
was completely methylated and the product (IJ) partially demethylated by 
boiling with concentrated hydrochloric acid (d. 1-18) to yield 2-hydroxy- 
4: 5-dimethoxy-acetophenone_ (III). Condensation with benzaldehyde, 
anisaldehyde and veratraldehyde yielded chalkones (IV). They were con- 
verted into flavones (V) by boiling with selenium dioxide in iso-amyl 
alcohol solution whereas by their oxidation with hydrogen peroxide in the 
presence of alcoholic potash flavonols (VI) were produced. Information 
regarding this work has been so far available only in abstract form and hence 
full details are not yet known. Further only partially methylated com- 
pounds seem to have been prepared. Neither the compietely methylated 
flavonols, nor the products of complete demethylation are described. Hence 
comparison with patuletin and its known derivatives could not be effected. 


The procedure adopted in the present synthesis is different from that of 
previous workers, the starting material being «w: 4-dimethoxy-2-hydroxy- 
acetophenone* (VII). On oxidation with alkaline persulphate it yields 
w: 4-dimethoxy-2: 5-dihydroxy-acetophenone (VIII). By partial methylation 
of this substance a trimethoxy compound with a free hydroxyl ortho to the 
carbonyl grouping and by complete methylation, a tetramethoxy com- 
pound have been obtained. The constitution of the oxidation product (VIII) 
is based on analogy with compounds prepared in a similar manner such as 
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4-methoxy-2: 5-dihydroxy-acetophenone® (I) and 6-methoxy-2 :5-dihydroxy- 
acetophenone’ and several others. The reactions of the new ketone also 
support it. In alcoholic solution it gives an olive green colour with ferric 
chloride and forms no precipitate with lead acetate. The second property 
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is considered to indicate the absence of vicinal hydroxyls. It may be men- 
tioned here that this is the first time an w-methoxy-acetophenone derivative 
has been subjected to nuclear oxidation in this manner. Though the re- 
action is smooth, the yields are not good as when the w-methoxyl group 
is absent. 


On condensing the new dihydroxy ketone (VIII) with veratric anhydride 
and sodium veratrate according to the method of Allan and Robinson, 
3:7: 3’: 4'-tetramethoxy-6-hydroxy-flavone (IX) is obtained in good yield. 
It undergoes demethylation with hydriodic acid yielding 3: 6: 7: 3’ : 4’-penta- 
hydroxy-flavone (X) which forms a pentaacetate and a pentamethyl ether 
(XT). The latter is also obtained by directly methylating (IX). 


A comparison, of 6: 7: 3’: 4’-tetrahydroxy-flavonol (X) and its deriva- 
tives with patuletin shows that thev are not identical. The following table 
gives the comparative data. The constitution of patuletin is under 
investigation. 


Patuletin 6:7: 3’: 4-Tetrahydroxy-flavonol 
1. The flavonol ae ..| M.P. 261-262° Does not melt below 310° but darkens 
between 315-320°. 
2. Penta-acetate .. ..| M.P. 174-176° M.P. 223-224°. 
3. Penta-methyl-ether ..| M.P. 159-160° M.P. 186-187°. Exhibits green fluo- 
No fluorescence in rescence in alcoholic solution. 
alcoholic solution. 


EXPERIMENTAL 
w: 4-Dimethoxy-resacetophenone 


Though this compound could be prepared according to the method 
of Slater and Stephen‘ the following modification improved the yield and 
the product was directly obtained pure enough for further use without any 
crystallisation. 


w-Methoxy-resacetophenone (4:5g.) was dissolved in anhydrous 
benzene (500 c.c.) and treated with dimethyl sulphate (3-0 g.) and anhydrous 
potassium carbonate (50 g.). The mixture was refluxed on a water-bath for 
12 hours and while still hot the potassium salts were separated by filtration 
and washed with hot benzene. The filtrate was extracted after cooling, with 
5% aqueous sodium hydroxide (20c.c. at a time) thrice. The alkaline 
solution was then acidified with hydrochloric acid while cooling under the 
tap. A white crystalline solid quickly separated out and was almost pure. 
It crystallised from water acidified with hydrochloric acid in the form of 
clusters of fine needles melting at 69-70°; yield—4-0g. A small amount 
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of the trimethyl ether could be invariably isolated as an oil from the alkali- 
extracted benzene solution. 


«w: 4-Dimethoxy-2 : 5-dihydroxy-acetophenone 


The oxidation was effected by means of potassium persulphate in alka- 
line solution according to the method of Bargellini®. 


To a solution of w:4-dimethoxy-2-hydroxy-acetophenone (5g.) in 
aqueous sodium hydroxide (5g. in 100c.c.) a solution of potassium persul- 
phate (14g. in 150c.c.) and a solution of sodium hydroxide (10 g. in 50c.c. 
of water) were added alternately in small quantities while stirring vigorously. 
Throughout the addition the reaction mixture was kept between 30-40° 
by cooling in a water-bath. The addition was made slowly during the 
course of an hour and a half. The mixture was further stirred for 15 
minutes and left aside for 36 hours. The solution was then rendered 
neutral to litmus by the addition of hydrochloric acid, when the unchanged 
ketone separated out in the form of an emulsion. It was removed by shaking 
twice with ether; on evaporating the ether extract 0-5 g. of the substance 
was recovered. 


After ether extraction, the aqueous solution was rendered strongly acidic 
with 30c.c. of concentrated hydrochloric acid and then heated to 90° ona 
water-bath. It was then rapidly filtered through animal charcoal. The 
filtrate was reddish brown in colour and was quite clear. On cooling under 
the tap, pale yellow woolly crystals (about | g.) separated out. But it was 
better to leave the filtrate in the ice-chest over-night. When the crystalline 
solid was filtered and washed with a small quantity of water it melted at 142° 
with sintering at 98-100°. A second crystallisation from hot water yielded 
colourless broad rectangular plates melting at 145-146°. (Found: C 45:3: 
H 6-6; OCH, 23-2; C,9H,.0;, 3H,O requires C 45-1; H 6:8; and OCH, 
23-3%). When dried at 110-120° in vacuo, the substance sublimed and 
hence the presence of water of hydration could not be checked by drying. 


The substance dissolved in alkali with a pale brown colour which gradually 
intensified to dark brown. With ferric chloride the alcoholic solution gave a 
green colour at first but changed rapidly to reddish brown. 


Methylation of w : 4-dimethoxy-2 : 5-dihydroxy-acetophenone 


A solution of w:4-dimethoxy-2: 5-dihydroxy-acetophenone (0-5 g.) 
in anhydrous benzene (50c.c.) was refluxed with anhydrous potassium car- 
bonate (2-0 g.) and dimethyl sulphate (0-3 g.) for 12 hours. The hot mixture 
was then filtered and the residue washed repeatedly with warm benzene 
(25c.c.). The benzene solution was then extracted with aqueous sodium 
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hydroxide (5% solution). On acidifying the alkaline layer, the trimethoxy 
compound (about 0-2 g.) separated out in a crystalline condition. It crystal- 
lised from aqueous alcohol in the form of rectangular plates melting at 
90-91°. It gave a dark brown colour with ferric chloride in alcoholic 
solution and was readily soluble in aqueous alkali yielding a pale yellow 
solution. (Found: C 58-8; H6-1; OCH, 41-6; C,,H,,O, requires C 58-4; 
H 6-2; and OCH, 41 -2%). 

After extraction with alkali, the benzene layer was evaporated when the 
tetramethoxy compound (0-1 g.) was obtained as a crystalline solid. It 
crystallised from aqueous alcohol in the form of rectangular plates melting 
at 131-132°. It was insoluble in alkali and gave no colour with ferric 
chloride in alcoholic solution. (Found: C 59.8; H 6:4; OCH, 51:3; 
C,zH,,O; requires C 60-0; H 6:7; and OCH, 51-7%). 

3:7: 3’: 4’-Tetramethoxy-6-hydroxy-flavone 


An intimate mixture of ww: 4-dimethoxy-2 :5-dihydroxy-acetophenone 
(1-5g., 1 mol.) veratric anhydride (12-5 g., 5 mols.) and sodium veratrate 
(6-0 ¢., 4 mols.) was heated under reduced pressure at 180° for four hours 
in an oil-bath. The dark brown product was treated with alcoholic potash 
(150 c.c., 5%) and refluxed for 30 minutes. The alcohol was then distilled off 
under reduced pressure the temperature being allowed to rise to 60°. The 
semi-solid residue was treated with water (about 150c.c.) and filtered. 
There was little insoluble residue and all went into solution. It was then 
saturated with carbondioxide. A dark brown resinous solid separated out. 
Since it could not be crystallised from any solvent, it was rejected. The 
filtrate was subsequently extracted with ether several times. On evaporating 
the ether solution a yellowish brown solid separated out. It was crystallised 
twice from dilute acetic acid from which it separated in the form of short 
pale yellow needles and plates melting at 219-220°. (Found: C, 64:1; 
H 5:4; OCH, 35-0; CygH,,O, requires C 63.7; H 5-0; and OCH, 
34-6%). Yield: 0-9 g. 

An alcoholic solution of the substance gave a bright green fluorescence. 
It gave a light brown colour with ferric chloride. The substance was soluble 
in aqueous sodium hydroxide forming stable orange-yellow solution. It 
dissolved in concentrated sulphuric acid giving a bright yellow solution 
which developed feeble green fluorescence after some time. 


3:6: 7: 3’: 4’-Pentahydroxy-flavone 
A cold solution of 3:7: 3’: 4’-tetramethoxy-6-hydroxy-flavone (0-5 g.) 


in acetic anhydride (5 c.c.) was treated with hydriodic acid (d. 1-7, 10 c.c.) 
drop by drop. During the first stages of addition there was considerable 
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evolution of heat and the addition of hydriodic acid was made cautiously, 
In the later stages hydriodic acid could be added more rapidly. After 
refluxing for 3 hours, the solution was diluted to about 50c.c. and sulphur 
dioxide passed through the solution. A pale yellow solid separated out. 
It was crystallised twice from dilute acetic acid using a small quantity of 
animal charcoal whereby it was obtained as pale yellow narrow rectangular 
plates. Yield: 0-2g. It did not melt below 310° and darkened between 
315 and 320°. (Found in air-dried sample: C 53-6; H 4-0; C,;H,,0,, 
2H.O requires C 53-3; H 4-1; loss on drying at 110-120° in vacuo for 
3 hours, 9-97%; 2H,O requires 10-7%. Found in ovendried 
sample C 59-6; H 3-3; C,;H,)O, requires C 59-6 and H 3.3%). 


An alcoholic solution of the flavonol exhibited bright green fluorescence. 
With ferric chloride, it developed a dark olive green colour in alcoholic 
solution. It was easily soluble in aqueous sodium hydroxide yielding a 
stable bright orange-yellow solution. In concentrated sulphuric acid, the 
solution was bright yellow with green fluorescence. Lead acetate gave a 
heavy orange-red precipitate from an alcoholic solution of the flavonol. 


3: 6: 7: 3’: 4'-Pentamethoxy-flavone 


First method.—A_ solution of 3:7: 3’: 4’-tetramethoxy-6-hydroxy- 
flavone (0-1 g.) in acetone (20 c.c.) was treated with aqueous sodium hydroxide 
(2c.c., 5%) and dimethyl sulphate (0-2 .c.). On shaking, the solution 
became warm and the golden yellow colour became pale yellow. Again 
dimethy] sulphate (0-2 c.c.) and sodium hydroxide (2¢.c.) were added suc- 
cessively and shaking continued. The operation was repeated till a total 
of 1c.c. dimethyl sulphate was added. Finally the liquid was rendered 
definitely alkaline by adding a further quantity (5c.c.) of aqueous sodium 
hydroxide. During the course of an hour and a half, the insoluble penta- 
methyl ether separated out as fine crystals which were filtered and crystallis- 
ed from alcohol. It was obtained in the form of colourless, elongated, 
narrow rectangular plates melting at 186-187°. (Found: C 64:7; H 5:3; 
requires C 64:5; H 5-4%). 

The pentamethyl ether was insoluble in alkali and gave no colour with 
ferric-chloride in alcoholic solution. Its alcoholic solution showed bluish 


violet fluorescence resembling that given by umbelliferone in alkaline solu- 
tion though much less in intensity. 


Second method.—6: 7: 3’: 4’-Tetra-hydroxy-flavonol (0:1 g.) was 
solved in anhydrous acetone (50c.c.) and then treated with freshly ignited 
potassium carbonate (2 g.) and dimethyl sulphate (1-0c.c.). The mixture was 
refluxed for 30 hours, the potassium salts were filtered off and washed well 
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with warm acetone. The acetone layer on evaporation deposited fine 
colourless crystals of the pentamethoxy-flavone. It crystallised from alcohol 
in the form of narrow rectangular plates melting at 186-87°. It did not 
depress the melting point of the sample obtained by the first method. 

3:6: 3’: 4’-Penta-acetoxy-flavone. 

3:6: 7: 3’: 4’-Pentahydroxy-flavone (0:1 g.) was refluxed with acetic 
anhydride (5-0c.c.) and freshly fused sodium acetate (1 g.) for 3 hours. The 
mixture was then cooled and poured into cold water to decompose the 
excess of acetic anhydride. After a few hours a white crystalline solid 
separated out. It was crystallised twice from alcohol using once a small 
quantity of animal charcoal. It was obtained as colourless rectangular 
plates melting at 223-24°. Yield: O-lg. (Found: C 58-4; H 4-2; 
CssH2901. requires C 58-6 and H 3-9%). 


SUMMARY 


The synthesis and properties of 6:7: 3’: 4’-tetrahydroxy-flavonol and 
of its derivatives are described. w: 4-Dimethoxy-2-hydroxy-acetophenone 
is oxidised with persulphate in alkaline medium to yield w: 4-dimethoxy- 
2: 5-dihydroxy-acetophenone which is then condensed with veratric anby- 
dride and sodium veratrate. The new flavonol and its methyl and acetyl 
derivatives differ from patuletin and its derivatives. 
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THE LOWER ORDER OF THE ZEROS OF AN 
INTEGRAL FUNCTION (II) 


_ By S. M. SHAH 
(Muslim University. Aligarh, U.P.) 


Received November 10, 1944 
(Communicated by Dr. M. Ishaq, F.A.sc.) 


1. Ler f(z) be an integral function of finite order p. In a previous note! I 
proved that if 0< p< 1 then 


I prove here 


TuHeorem. /f f(z) be an integral function of order ;: where p ->0 is non- 
integer? then 
Pp) Ay 
A 
(i) 
where p, A A, denote the gonus, the lower order and the lower order of the 
zeros of f (z). 
§2. Proor. We have*® 


log M (r) <A {r?+ 1} where 


ao 


4.) 
j ri 
We may suppose p>1. Let*A,;<u<p<v. Thete exists an infinity of R 
such that 2 (R)< R*. 


Let N= R“'? and r= NP where 


B= p-— p+ (p+ 1— p). 


1 §. M. Shah, ** The Lower Order of the Zeros of an Integral Function,” Journal Indian 
Math. Soc., 1942, 6, No. 2. a, Ay have the same meaning. 

2 When p is integer, the result (1) holds but is trivial. 

3 A BK K, K, are constants. 

* If 4,= p then the right-hand side expression of (1) becomes p and (1) is obviously true. 
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a 
— 
1 + 


The Lower Order of the Zeros of an Integral Function (11) 


Hence i<p<f and 


N R os 
= f+ f+ tt 
R 


N 
Kx r?*! 
u<f 


=K, exp{(p+ log 


R 
n(R) r?+2 
b< f 


nB R 


dx dx 
< Re rant f 
Ni 


N 


1 1 1 l 
< RH Lenet pet Newrn| 


<3 [exp (p+ log r+ exp (5 log r)| 


co 
K x? r? 
R 


<f K 2 dy K, 
R 


= K, exp {( + log rt 


3 pt B B 


we obtain from (2), (3) and (4) that for an infinity of r 


log M (r)< B exp [ {p+ 1+ eo—F— log r| 
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(3) 


(4) 


| 
| 

. 
n 


164 S. M. Shah 
Since #— A, and v— p may be chosen arbitrarily small we get 


and the theorem is proved. 


§3. COROLLARY. Given p= A and Pp non-integer then p= A= A, 


(p—p)r 


(p— p) A, 
1 (p— P)+ p(p+ 


(p+ 1—p) (p— <0 
Hence p= A,. 
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ON THE RADIATION FROM THE BOUNDARY OF 
DIFFRACTING APERTURES AND OBSTACLES 


By G. N. RAMACHANDRAN 
(From the Department of Physics, Indian Institute of Science, Bangalore) 


Received April 2, 1945 
(Communicated by Sir C. V. Raman, kt., F.R.S., N.L.) 


1. INTRODUCTION 


Ir is a well-known fact that the boundary of a diffracting aperture or obstacle 
appears luminous when it is observed from within the shadow cast by it. 
This naturally suggests that the problem of diffraction can be reduced to 
the consideration of the radiation from the boundary. The idea is, however, 
not at all new ; it was used by Young to explain the diffraction fringes 
obtained with a straight edge. But, it was not realized until the recent work 
of Sir C. V. Raman (unpublished) that the same method can be extended 
with equal success to an aperture or obstacle of arbitrary shape. A detailed 
description of Raman’s ideas will be found in a paper by Y. V. Kathavate, 
who has applied them to a large number of cases in order to explain the 
diffraction patterns obtained. In the present paper, a mathematical dis- 
cussion of the problem is given, which leads to some new results. 


On the theoretical side, Rubinowicz (1917, 1923) succeeded in converting 
the Kirchhoff surface integrals occurring in the theory of diffraction into 
a line integral along the boundary. Laue (1936) has obtained such a trans- 
formation for the case of Fraunhofer diffraction. However, these line 
integrals cannot be evaluated except for very simple cases. In fact, for 
boundaries of arbitrary shape, they are probably as complicated as the 
surface integrals. Sir C. V. Raman (Joc. cit.) showed that if one neglects 
the variation of amplitude of the secondary wavelets with direction, which 
is justified if one restricts oneself to small angle diffraction, then the con- 
version of the surface integral into a line integral can be done in a very simple 
manner. This idea of neglecting the obliquity factor was employed by the 
author (1944) to obtain such a transformation in the case of Fraunhofer 
diffraction. In this paper, it is extended to the case of Fresnel diffraction 
by both apertures and obstacles. It is shown that in either case the illumi- 
nation in the region of shadow can be completely represented as the effect 
of radiations arising from the boundary. On the other hand, in the region 
of light, the disturbance at any point is the sum of the effects due to the 
direct light and the boundary. As suggested by Y. V. Kathavate (1945), 
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the boundary radiation can again be effectively replaced by the radiation 
arising from a finite number of point-sources situated on the boundary, which 
may be called ‘ poles’. The diffraction pattern in the field of observation 
can then be considered as arising from the mutual interference of the radia- 
tions from these poles, and with the direct light if that is also present. 


2. THE TRANSFORMATION OF THE SURFACE INTEGRAL INTO A 
LINE INTFGRAL 


Suppose that spherical waves are diverging from a point-source O, and 
that at a distance D from it they meet a diffracting screen consisting of an 
aperture or an obstacle of arbitrary form. We shall first consider the case 
of the aperture. 


Fic. 1 


(a) Aperture.—If the distance D is large enough, it can be supposed that 
the boundary of the aperture lies on a spherical wave-front originating from 0. 
In Fig. 1, let Q be any point inside the aperture ; and let the distance QP 
to the point of observation be denoted by R. Q), is the point of intersection 
of the line joining P and O with the plane of the aperture, and Q,P is 
denoted by Rg. 


We may represent the disturbance at the observation point P asa 
summation of the effects of spherical waves having their origins distributed 
continuously over the area of the aperture. Hence, if the disturbance in 
the plane of the aperture is A cos 27vt, the disturbance at P is 


4 ff (vt— RJA) dS, 


according to Kirchhoff’s formulation of Huyghens’ principle, and neglecting 
the variation of the amplitude of the secondary wavelets with the direction 
of propagation, as already stated. Now, 


dS = RdR de-D/(D+ R,), (2) 


where ¢ is the angle between the plane OPQ and some fixed reference plane 
through OP, so that 


AD 
ff sin 2m (vt— R/A) dR de. 
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Performing the integration from Q, to the boundary, 


where Ry= QoP, and R is the distance from P to the point on the boundary 
corresponding to each value of «. Since cos 27(vt — Ro/A) is a constant, 
this may be written in the form 


_ 


f 25 R/A) dct. (5) 


Now, f de = 27 if the point P lies within the region of light of the aperture, 
and is zero if it lies outside in the region of shadow. Hence, in the region 
of light, 

AD 


X= +R) 


cos 2x 


Now, AD/(D+ R,) is the amplitude of the wave reaching P directly from the 
source (being inversely proportional to the distance from the source), call 
it (Xp)y- In the second integral, the integration with respect to « from 0 
to 27 may be written as an integration over a complete circuit round the 
boundary of the aperture. If one denotes by ds an element of arc of the 
boundary, and by ¢ the angle which it makes with the plane through OP and 
the element, then 


_(D+R,) sing 
‘Rsin ds, (7) 


where # is the angle between the incident ray reaching the element ds, and 
the ray diffracted from it to the point of observation. Making this substitu- 
tion, one obtains 


A sin 4 
Xp= (Xp), 5 Rand cos 27 (vt— R/A) ds. (8) 


Hence, in the region of light, the total disturbance at P = the disturbance 
due to the direct wave + a disturbance due to a linear distribution of light 
sources along the boundary of strength A sin 4/27 sin @. The latter has a 
phase opposite to that of the direct light at the boundary. 


In the region of shadow, /de = 0, so that 


Xp= 


cos 27 R/A) de, 
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Here, although « does not have values from 0 to 27, the corresponding point 
on the boundary moves completely round it, and the relation between ds 
and de is the same as (7). The sign of sin @ however depends on the position 
of the point on the boundary ; this will be discussed in the next section, 
Hence, 


so that the disturbance at any point in the region of shadow arises solely from 
the boundary radiation. 


(6) Obstacle—An obstacle can be considered as a diifraction screen 
complementary to an aperture. The wave-front in this case is the complete 
one from which a finite area bounded by a closed curve of arbitrary shape is 
cut off. Using the same notation as with the aperture, and considering 
the case when the point of observation P is within the projection of the 
boundary on the observation plane, the disturbance at P is 


27 


AD 
Xe= eR) f f sin 2n (vt— RJA) dR de (10) 


Here, the upper limit oo is used to denote the limit up to which the wave-front 
is effective at P. For a spherical wave-front, this will correspond to the value 
of R for which the line from P to the variable point Q is tangential to the 
wave-front. The above integral can be split up into two as 


ff sin (vt— R/A) dR de 
Re 
Re 


AD 
sin 2x (vt— R/A) dRde. (Il) 


The first integral is obviously the effect of the total wave-front at P, and 
from the general theory of diffraction, its value is 


AD 
(Rei 2m (vt— R/A)= (Xp), (12) 


The second integral is the same as in the case of the aperture with the limits 
reversed, and is therefore equal to 


AD 
f cos 2m (vt— R/A) de— (Xp), (13) 


27 co 
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Hence, when P lies in the region of shadow, 
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Xe= +R) cos 27 (vt— R/A) de 
cos 2m (vt— R/A) ds. (14) 


Even when the point of observation lies in the region of light, Xp can be 
put in the form (10): but here R is different from Ry only for those values 
of « for which the plane through OP making this angle with the reference 
plane cuts the boundary of the obstacle. Similarly, it can also be brought 
into the form (11), with the first term equal to (12). The second term, 
however, is equal to (9) with the sign changed, so that 


Xp=%),+ GF cos (vt— R/A) ds (15) 


It may be noted that, wherever the point of observation P may be, the 
sum of the amplitudes due to an aperture and a complementary obstacle 
at it is always equal to the amplitude (X), due to the direct unobstructed 
wave. This is the extension of Babinet’s principle to Fresnel patterns. It 
could in fact have been used to obtain the expressions (14) and (15). 


3. THE PHASE OF THE BOUNDARY RADIATION 


In the previous section, we have seen how it is possible to represent the 
disturbance at any field-point as the summation of the effects of the direct 
light and of the boundary radiation. We shall now consider the relation 
between the phase of the radiation emitted by an element of the boundary 
and that of the incident wave at that point. 


It is evident from Equation (8) that, in the region of light of an aperture, 
the phase of the boundary radiation is opposite to that of the incident light. 
In the region of shadow, however, it is not so obvious: but it can be deter- 
mined by the following method. The integral over ¢ in this case does not 
cover a cycle of values, viz., from 9 to 2%, but only a limited range of values, 
say from e, to €, and back again from ¢, to «,. This will be clear from 
Fig. 2, where P is the projection of the point of observation on the plane of 
the aperture with respect to the point source, and PA and PB are the tangents 
to the curved boundary from P. As the representative point on the boundary 
makes a circuit BDAC, « increases from the value ¢, (say) at B to «, (say) 
at A, and then diminishes to ¢«, in the path ACB. It is obvious that the 
above statement implies the usual definitions of the signs of de and ds, viz., 
that the former. is positive if it is anti-clockwise when viewed from above, 
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and the latter is positive if it is described in an anti-clockwise sense for an 
observer inside the curve looking down from above the plane of the paper. 


Hence, ds and de have the same sign along BDA, and are of opposite signs 
along ACB, and 


R/A) de 


RTs cos 27 (vt— R/A) ds 
20 [ R 6] 


cos 2m (vt— R/A) ds] (16) 
B 


This is equivalent to defining the sign of sin @ to be positive or negative 
according as ds and de have the same sign or opposite signs. An examina- 
tion of Fig. 2 shows that these regions are respectively those for which a 
ray of light reaching a point of observation in the region of shadow has to 
pass through the region of light or has not to. For the former, the phase 
of the boundary radiation is opposite and for the latter the same as that of 
the incident wave. 


Fic. 2 


For simplicity, we have treated above the case of a boundary for which 
only two tangents PA and PB can be drawn. It can easily be verified that 
the main results are true even for a boundary to which any number of tangents 
can be drawn from a point outside. In such a case, the phase of the boundary 
wave is the same as or opposed to that of the incident wave according as it 
immediately proceeds into the region of shadow or the region of light. So 
also, even if the point of observation is inside the region of light, if the 
boundary radiation reaching it has first to pass through the region of shadow, 
then the phase is the same as that of the incident wave. In exactly the same 
way, it can be verified that, for an obstacle also, the phase of the boundary 
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radiation is the same as that of the incident if it proceeds into the region of 
shadow, and vice versa. 


In general therefore, we have the theorem: 


“If a ray reaching the point of observation from an element of the boundary 
proceeds first into the region of light, then its phase is opposed to that of the 
incident wave at that element of the boundary, and if it passes first into the 
region of shadow, then the phase is the same.” 


4. CONTINUITY OF THE DISTURBANCE ACROSS THE PROJECTION 
OF THE BOUNDARY 


It will be noticed that the expressions derived in Section 2 for the dis- 
turbance at a point of observation are quite different in form according as 
the point lies in the region of light or of shadow, one of the expressions 
containing (Xp)p, the illumination due to the direct wave at P, while the other 
does not. This is so both for an aperture and an obstacle. Besides, the 
substitution (7) is invalid when © = 0, i.e., when P lies on the projection of 
the boundary, so that one has to work with the integral 


J (eos 2m (vt— de. (A) 
Even here, the range of integration of ¢ is not clear. Consequently, it is 
proposed to show in this section that the disturbance is continuous as one 
crosses the projection of the boundary in the field of observation. This will 
be done by showing that the limiting value of the amplitude at a point on the 
boundary is the same, irrespective of whether the point is brought to the 
boundary from within or without. 


In Fig. 2, C is the projection of the observation point (on the boundary 
between the region of light and of shadow), and P and R are the projections 
of two points on either side close to C lying respectively outside and inside 
the boundary. We shall designate by (A), and (A)_ the limits to which the 
value of the integral (A) tends as R and P respectively are brought into 
coincidence with C. 


Limit (A),.—Draw a line ARB through R parallel to the tangent at C 
to cut the boundary at A and B. Choosing RB to correspond to « = 0, 
the above integral can be split into 
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where the former corresponds to ACB and the latter to BDA. In the limit 
when R is very near C, the value of [ ] is very nearly a constant, and the 
first integral becomes equal to 7 cos 27 (vt — R/A), where R is the distance 
from C to the point of observation. The other integral can be written as 
such, it being understood that the origin is now at C, and the reference line 
for zero «¢ is the tangent at C. 


Hence, 


_ (XQ 
(A). = % cos 2m (vt— R/A) d (17) 


Limit (A)_.—Let P be a point close to C outside the boundary, and let 
PA and PB be tangents to the curve. With the same definitions as before, 
the integral in (A) can be written as 


[ ]de f 


abn atn 
ACB 


where 7, and 7, are small angles. Just as in the previous case, the value of 


{ ] is a constant in the limit when P is very pear C. Also, 7, and 7, tend to 
zero in the same limit. Hence, 


(A)_= f 008 (vt— R/A) de— 


Substituting the values in the expressions for the disturbance at a point in 
the field of observation, and denoting the limits to which this tends as the 
point approaches C from the region of light and the region of shadow as 
(X,), and (X,)_ respectively, we get, for an aperture, 


2n 
(Ke), = (A), = f cos 2m (vt— R/A) de, 


2n 
f cos 2n (vt— R/A) de, 


so that (Xj = (X¢)_. 
In the same way, for a point on the boundary of an obstacle also, 
(X¢), (Xe)y + (A)_ (A), = (X¢)-_. 


It is thus seen that in both cases the two limits are identical, so that the 
disturbance is continuous across the projection of the boundary, 
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5. APPLICATION OF THE BOUNDARY RADIATION METHOD 
TO PRACTICAL PROBLEMS IN DIFFRACTION 


In Section 2, we have seen how it is possible to consider the diffracted 
radiation as arising from the boundary of an aperture or an obstacle. There 
it was shown that each line-element of the boundary is a source of radiation, 
whose strength is inversely proportional to the sine of the angle of diffraction 
and directly proportional to the sine of its inclination with the plane of 
diffraction. The phase of the radiation reaching the point of observation, 
however, varies as the source moves round the boundary. It follows then 
that the resultant effect would be contributed mainly by those parts of the 
edge for which R is a maximum or a minimum, and the phase consequently 
stationary. The radiations from contiguous parts of the boundary in these 
parts reinforce each other, producing a large amplitude. The phase of the 
radiations from other portions of the boundary varies rapidly, so that they 
contribute little to the total disturbance at the field point. It can be shown 
that for those points on the boundary for which R is a maximum or a 
minimum, sin ¢ is a maximum numerically. In fact, the projections of 
these points on the observation plane are the feet of the normals from the 
observation point P to the projection of the boundary. These points may be 
called the ‘ poles’ of the point of observation P. The bulk of the disturbance 


_at P is contributed by narrow regions on the boundary on either side of the 


poles. The radiations from the various poles interfere and produce the 
diffraction pattern. 


We shall now consider whether the phase of the resultant radiation 
reaching the point of observation from regions of the boundary includ- 
ing and lying on either side of a pole is the same as the phase of the 
light wave radiated by the pole itself. This can be discussed in somewhat 
general terms by employing a vector diagram similar to the Cornu spiral. 
We shall begin the discussion by a consideration of the straight edge, which 
may, as an extrapolation of the ideas proposed in this paper, be considered 
as a very large aperture with one edge straight, while the remaining parts of 
the boundary are at infinity. Consequently, one pole will be on the 
straight edge. the other one being at infinity and therefore ineffective. Now, 
the path to the point of observation P via a point on the boundary varies with 
the position of the latter, being a minimum for the pole of the observation 
point. Consequently, if we sum up the resultant amplitude by means of a 
vector diagram, we would obtain a curve of the shape shown in Fig. 3 (a). 
It can be shown by a simple calculation that the shape of the curve is identical 


with that of the Cornu spiral, so that the resultant disturbance is A’A’, and 
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the phase of the resultant lags by 7/4 behind that of the radiation coming 
directly from the pole. Making use of this and of the result that the phase 
of the boundary radiation is 7 in advance of the direct light, it is seen that, 
in the region of light, the resultant pole radiation is 37/4 in advance of a 
ray of light reaching it via the pole. Consequently, there would be inter. 
ference bands in this region, the positions of whose maxima and minima 
are given by 

28 /A = (2nm + 37/4) and + 72/4) 
respectively, where 275/A is the phase difference between the direct ray to 
the point of observation and that via the edge. (8 = s?(a + b)/2ab accord- 
ing to the usual notation). These values are in quantitative agreement with 
those deduced from the usual theory (see Drude, 1929). 


(a) (6) 
Fic. 3 


Next, let us consider a boundary having the shape of a smooth closed 
curve with two poles. Then, the path will be a minimum for one of them 
(say A) and a maximum for the other (B). If the boundary is not too small, 
the vibration curve will consist of two spirals of the form shown in Figs. 3 (a) 
and (6), one for each pole. The spiral for the pole A would however not 
extend to the points A’ and A”; yet, the phase of the resultant will be lagging 
behind that of the wave direct from the pole by nearly 7/4. For the pole B 
having maximum path, the phase difference is nearly + 7/4, the resultant 
leading over the direct wave. In this, we have taken the domain of each pole 
to extend up to those points on the boundary on either side at which the 
rate of change of path reaches a maximum numerically (or dé /ds? = 0). 
The vibration curve is thus split up into two parts, one corresponding to 
the pole A and the other to B. 


In the case of a boundary having more than two poles, an extension of 
the above reasoning shows that for all poles corresponding to a minimum 
path the phase of the resultant radiation lags by 7/4 behind that of the wave 
directly from the pole, and for those corresponding to a maximum path, 
it leads by 7/4, 
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: 6. APPLICATION TO THE DIFFRACTION PATTERN OF A CIRCULAR DISC 
t, In this section, we shall consider the application of the above considera- 
a tions to the calculation of the radii of the circular fringes formed inside the 
f- geometric shadow of a circular disc. It is obvious that at the centre, the 
ia radiation from all the portions of the boundary are exactly in phase, so that 
there must be a bright spot there, as is indeed observed. If the point of 
observation is moved away from the centre, the illumination at it can be 
supposed to arise from two poles, which (by the definition given above) are 
Lo situated at the ends of a diameter through the projection P’ of the point of 
d- observation on the plane of the circular disc. Now, the pole which is on the 
th same side of the centre as P’ is obviously one of minimum path, so that the 
other pole corresponds to maximum path. Hence, there is a phase differ- 
ence of 7/2 between the two radiations at the boundary, the pole on the 
further side leading by this amount. Now, as P moves away from the 
centre of the geometric shadow, the phase of the radiation from the farther 
pole lags behind that from the other one owing to the increase in path. 
Consequently, the first dark fringe, which corresponds to a phase difference 
of --n, must correspond to an extra path of 3A/4. The successive dark 
fringes similarly occur at path retardations 5 of (n + 3/4) A, while the bright 
fringes occur at 5 = (n + 1/4) A, where a is an integer. From this, the radii 
of the dark rings can be calculated to be 
ed R =(n + 3/4) Ab/2r, (19) 
m where 4 is the distance of the screen from the disc of radius r. The coefficient 
ut within the brackets in (19) can also be calculated from Lommel’s theory. 
a) In the following table, they are compared with the values given by the 
ot present theory. The agreement is remarkably good. 
ng 
B From present theory | From Lommel’s theory Deviation 
nt 
0-75 0-766 
he 
0). 3-75 3-753 0-003 
4-75 4+ 758 0-003 
to 
My best thanks are due to Prof. Sir C. V. Raman for the suggestion of 
of the problem and for the kind encouragement which he gave me during the 
m investigation. 
ive SUMMARY 
th, 


Neglecting the obliquity factor, which is justified when one is consider- 
ing only small angle diffraction, it is shown that the surface integral which 


‘ 
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is usually employed for the determination of the disturbance at any point 
can be easily converted into a line integral along the boundary of the 
diffracting screen. The formule thus obtained show that with either an 
aperture or an obstacle the iJlumination in the region of shadow can be 
completely represented as the effect of radiations arising from the boundary, 
while in the region of light the disturbance due to the direct light is super- 
posed on this. The phase of the boundary radiation is determined by the 
region (of light or shadow) to which the ray towards the point of observa- 
tion proceeds from the boundary, being opposite to that of the incident 
light in the former case, and being the same in the latter case. It is however 
shown that this leads to no discontinuity in the illumination as the point of 
observation passes from the region of light into the region of shadow. The 
boundary radiation can again be effectively replaced by the radiations arising 
from a finite number of point-sources situated on the boundary called 
‘poles’, for which the path to the observation point via the boundary is a 
maximum or a minimum. The phase of the resultant disturbance due to 
regions of the boundary including and lying on either side of a pole is shown 
to lead over or lag behind that of the wave from the pole by the quantity 
2/4, according as the pole is one of maximum or minimum path. Applying 
these ideas to the diffraction pattern of a circular disc, it is shown that the 


calculated radii of the rings in the region of shadow agree well with those 
deduced from Lommel’s theory. 
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1. INTRODUCTION 


LicuT diverging from a point source falls upon a distant screen, while between 
them is interposed an opaque plane obstacle of limited extension, or alter- 
natively, an opening of determinate shape in a opaque sheet of unlimited 
extension. Diffraction effects (known as Fresnel patterns) are then observed 
on the illuminated screen. The usual procedure for a theoretical determina- 
tion of the nature of these patterns is to express the light disturbance at any 
point on the screen as a summation of elementary disturbances having their 
origins distributed over the unobscured part of the wave-front. The 
numerical evaluation of the integrals which arise and the computation of 
the intensities at a sufficient number of points on the screen is, in general, 
a laborious process. Apart from this, it may be remarked that the method 
followed for the computation of intensities affords no insight into the rela- 
tionship between the form of the obstacle or aperture on the one hand and 
the geometric characters of the diffraction pattern on the other. From the 
physical point of view, therefore, the usual approach to the theory of 
Fresnel diffraction patterns leaves much to be desired. 


It is proposed in this paper to indicate a different approach to the subject 
which enables the nature of the Fresnel pattern due to an obstacle or an 
aperture of arbitrary form to be very readily derived in such manner as to 
admit of direct comparison with the experimental facts. In the succeeding 
papers of the series, various cases of special interest are worked out and the 
theoretically derived patterns are exhibited alongside of those observed 
experimentally. The remarkable power of the method and its essential 
simplicity become evident in the light of these examples. 


2. DIFFRACTION BY A STRAIGHT EDGE 


The present approach to the general theory of Fresnel patterns will be 
Most readily understood by reference to the most familiar case of all, namely, 
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that of the diffraction of light by an opaque obstacle bounded by a straight 
edge. Here, as is well known, instead of the discontinuity between light 
and darkness indicated by geometrical optics, the pattern exhibits an 
intensity distribution which is continuous in passing through the boundary, 
but is different on the two sides of it, oscillating in the region of light, and 
progressively diminishing to zero in the region of shadow. The evaluation 
of the Fresnel integrals enables this distribution to be quantitatively derived. 
But, as has often been remarked, it is easier to understand the observed 
results physically, if, taking the hint suggested by the actual facts of observa- 
tion (Gouy, 1886), we assume the edge of the obstacle to be a source of 
cylindrical waves radiating from it. These waves give rise to the observed 
illumination in the region of shadow, while, in the region of light, their inter- 
ference with the primary incident waves gives rise to the observed fluctuations 
of intensity. Since the discontinuity of illumination at the geometric 
boundary of the shadow disappears and is replaced by a continuous distri- 
bution, it is evident that the cylindrical waves exhibit a sudden reversal of 
phase at the boundary, and also that their amplitude becomes very large and 
comparable with that of the primary waves in the same direction. These 
features are a natural consequence of the manner in which the cylindrical 
waves arise. The genesis of the cylindrical waves, and their relation to the 


physical properties of the obstacle has been discussed in considerable detail 
by Raman and Krishnan (1925). These authors have successfully explained 
the observations of Gouy on the colour and polarisation of the light diffracted 
through large angles by metallic edges. The basic ideas of the Raman- 
Krishnan theory have been amply confirmed by the recent work of Savornin 
(1934). 


3. DIFFRACTION BY BOUNDARIES OF ARBITRARY FORM 


The ideas put forward in the preceding section regarding the Fresnel 
diffraction pattern of an infinite straight edge, viz., that the illumination 
in the region of shadow is produced only by the boundary radiations, while 
the region of light, one has also to consider the effect of the direct light, 
should evidently be capable of being extended to boundaries of arbitrary 
form. Exactly as in the case of a straight edge, the fact that the light in 
the shadow has its origin in the boundary is readily observed in the general 
case also. For example, if we keep a circular disc in the path of a beam of 
light diverging from a pinhole, and look at it, keeping the eye at the centre 
of the geometric shadow, then the whole of the circular boundary appears 
luminous. But, if the eye is moved away, the bright portions reduce to two 
narrow regions on the boundary at the ends of a diameter, parallel to the 
line joining the eye to the centre. These become more and more different 
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in intensity as the eye is moved farther away from the centre. Clearly 
therefore, in this case, the diffraction rings around the centre can be 
represented as the interferences of the radiations from those poles. 


The formal recognition of the fact that the Fresnel pattern, even with 
apertures and obstacles of arbitrary form, arises from the boundary radiation 
enables us to explain the effects observed in special cases, such as the elliptical 
aperture, which was studied by Sir C. V. Raman (1919). He found that 
there is a concentration of luminosity on and within the evolute of the 
elliptic boundary between light and shadow. Further observations by 
Mitra (1919) have confirmed such a relationship between the form of the 
diffraction pattern and that of the boundary. 


It is evident, however, that there are some special features requiring 
consideration in the general case. In the case of the straight edge, it is 
possible to consider the edge as a whole radiating a cylindrical wave-front. 
This, however, is not possible with a boundary of arbitrary form. Here, 
one has to consider each element of the boundary as a luminous source, 
which radiates spherical waves, and the effect at any point is the sum-total 
of the effects of all of them. The basic idea is, however, the same; namely 
that, in the region of shadow, the illumination is due only to the radiations 
from the various parts of the boundary, while, in the region of light, the 
effects are due both to the geometrically transmitted wave-front and to the 
boundary radiations. It is obvious that the phase of the wave diffracted to 
a particular point of observation will be determined by the total path it has to 
traverse from the source to this point, via. a point on the boundary. This 
will vary as the point on the boundary makes a circuit round it, so that the 
different diffracted waves reaching the point of observation will have varying 
phases. We have then to consider what the summation of the effects of all 
the portions of the boundary would be. 


Suppose that the boundary is a smooth curve, without any disconti- 
huities. Then, the rate of change of phase of the radiations received at the 
point of observation from the various points on the boundary would be 
continuous. Since, after a complete circuit round the boundary, the phase 
would have returned to its original value, there should be regions on the 
boundary for which the optical path would be either a maximum or a mini- 
mum, and the phase consequently stationary. Considering those regions 
where the phase varies continuously, as the emitting centre moves through 
a short distance along the boundary, the phase would have varied by a 
complete circle, and the resultant disturbance at the point of observation 
would be zero. Such a cancellation of the effects of neighbouring regions 
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takes place as long as the rate of variation of phase is not too small. But 
near about those points where the phase is stationary, the radiations from the 
points nearby actually interfere constructively, and give rise to a large 
amplitude. After passing on the other side of this region, the neighbouring 
portions of the boundary once again begin to cancel one another until the 
next region of stationary phase is reached. Thus, the resultant disturbance 
at the point of observation is contributed only by a small number of regions 
of the boundary. These may be called “poles” on the boundary with 
respect to the point of observation. The positions of these poles may be 
geometrically defined to be those points on the boundary, whose projections 
on the plane of observation are the feet of the normals drawn to the pro- 
jection of the boundary from the point of observation. This condition 
thus provides one with an easy method of determining the poles of a point 
of observation. 


In general, these considerations do not give one the amplitude of the 
resultant radiation from the poles ; but this is not a serious difficulty, for 
the attempt is only to find the positions of the maxima and minima in the 
interference field, and not their absolute intensities. For the former, an 
idea of the phases alone will suffice, which can be obtained quite rigorous- 
ly (see Section 5). 


In special cases, however, considerations of amplitude do assume: a 
certain importance, e.g., when certain regions of the boundary are of constant 
curvature. In such a case, if the point of observation O happens to be at the 
centre of curvature of the projection of this region in the plane of observation, 
then the waves reaching O from the whole of this region would be in phase, 
so that the disturbance at the point, which may be called the “ focus ” of the 
region of constant curvature becomes very great. The bright central spot .in 
the diffraction pattern of a circular obstacle arises from this cause. But, 
if the point of observation is removed away from the focus, the exact equality 
of phase of the radiations from a large portion of the boundary is no longer 
maintained, and the boundary radiation can be treated exactly as in the 
general case. 


In fact, for every boundary, each region has a centre of curvature, so 
that it is natural to expect a small concentration of intensity along the locus 
of the centre of curvature of the geometric projection of the boundary. As 
is well known, this locus is the evolute of the projection, so that the evolute 
must appear bright, as is in fact observed (see above). 


Another special case requiring consideration is that of boundaries having 
discontinuities or angular points. At such a point, the rate of change of 
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phase of the boundary radiation undergoes abrupt changes, and the mutual 
cancellation of the disturbances produced by contiguous regions does not 
take place completely, so that the discontinuities act also as effective sources 
on the boundary in addition to the poles. However, while the poles shift 
about on the boundary as the point of observation is altered, the disconti- 
nuities always act as sources, irrespective of the position of the observation 
point. 

The above is the case in the region of shadow, where the illumination 
is due only to the boundary radiation. But, in the region of light, one more 
complicating factor arises in that the incident light is also present. Conse- 
quently, the diffraction pattern has to be divided into two classes. The 
first, which may be called the “ primary ”, arises as a result of the interfer- 
ences between the incident light, and the light diffracted by the boundary 
(which may be replaced by the light radiated by a small number of poles 
situated on it). The “secondary” pattern is produced by the interference 
of the radiations diffracted by the various poles on the boundary with them- 
selves. It may be noted that this secondary pattern is of the same nature 
as the pattern in the region of shadow, being produced solely by the boundary 
radiation. 


4. RELATION BETWEEN THE DIFFRACTION PATTERNS OF APERTURES 
AND OBSTACLES OF THE SAMF FORM 


Consider two cases, which are complementary to each other, namely 
(A) an opaque obstacle of specified form, and (B) an opening of the same 
form in an opaque screen of great extension. In the region of shadow of 
the former, the disturbance is due only to the boundary radiations, which, 
as described in the previous section, produces the diffraction pattern. In 
the region of light of the latter (which obviously is the same as the region of 
shadow in the former case), we have both the primary and the secondary 
patterns. As explained above, the secondary pattern arises solely from the 
interference of the radiations from the boundary, so that one should expect 
this to be identical with the pattern in the shadow of the obstacle. Vice 
versa, the secondary pattern in the region of light of the obstacle should be 
identical with the pattern in the region of shadow of the aperture. 


Another interesting result is obtained from a study of the relation 
between the diffraction patterns of obstacles and apertures of identical 
forms. Since the part of the incident light wave which is cut off in case (A) 
is that which is allowed to pass through in case (B), if the disturbances at 
any point in the two cases are imagined to be superposed, then one should 
get everywhere merely the undisturbed effect of the complete light wave, 
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Consequently, if E, is the light field due to the original source, Es, and Ex, 
are the derived disturbances in the region of shadow in the cases (A) and (B) 
respectively, and E,, and E,, the corresponding disturbances in the region 
of light due to the boundary alone, the following relations hold : 


E, + Es, = E, + Esp + Ey = 
so that E,s = — Es, and Esp = — E,y. 


From this, we see that the boundary radiation reaching the same point 
in the two cases are in opposite phases. Consequently, to the statement 
made above that the secondary pattern in the region of light of one is the 
same as the pattern in the region of shadow of the other has to be added the 
statement that the disturbances in the two cases are in opposite phases. 


5. MATHEMATICAL THEORY OF BOUNDARY RADIATION 


Formally, Rubinowicz (1917, 1923) has shown that it is possible to con- 
vert the surface integral, which has to be evaluated to determine the diffracted 
intensity due to an aperture, into a line integral over the boundary of the 
aperture. However, the final expression that is obtained is far too compli- 
cated, and its evaluation in any particular case (as for example, for an 
elliptic aperture) is perhaps as difficult as the evaluation of the corresponding 
surface integral. If one is concerned only with the effects at small ‘angles, 
the so-called rigour in the treatment is superfluous. In fact, as Sir C. V. 
Raman has recently shown,* the transformation of the surface integral into 
a line integral can be performed in a very simple and elegant manner under 
these conditions. This method has been used by G. N. Ramachandran 
(1945) to obtain a mathematical theory of boundary radiation in a 
paper appearing in these Proceedings. We shall give here, for convenient 
reference, the main results obtained by him. 


It is shown that with either an aperture or an obstacle, the illumination 
in the region of shadow can be completely represented as the effect of radia- 
tions arising from the boundary. On the other hand, in the region of light, 
the disturbance at any point is the sum of the disturbance due to the direct 
light, and that due to the boundary. The boundary radiation in the region 
of light has the opposite phase to that of the incident light, and has the same 
phase in the region of shadow. An important result is that the phase is 
determined by the region (of light or shadow) to which the ray towards the 
point of observation proceeds immediately from the boundary. Thus if 
a ray to a point in the region of shadow has to proceed through the region of 


* Savaji Memorial Lectures under publication. 
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light, it will have a phase opposite to the incident light, and vice versa. It is 
however shown that this leads to no discontinuity in the illumination as the 
point of observation passes from the region of light into the region of shadow. 


As has been shown earlier the resultant effect of the radiation from the 
boundary may be considered as being due to the radiations arising from 
a finite number of point sources called poles, situated on the boundary. 
The question now arises whether the phase of the resultant radiation 
reaching the point of observation is the same as the phase of the light wave 
radiated by the pole itself. This has been considered by G. N. Rama- 
chandran, and he finds that the resultant phase lags behind the radiations 
from the pole by 7/4 if the pole is one of minimum path, and leads by 7/4 
if the pole is one of maximum path. 


We shall outline in the next section a method for geometrically map- 


ping out the diffraction pattern of an aperture or obstacle of arbitrary 
form. 


6. INTERFERENCE PATTERN IN THE REGION OF SHADOW | 


As we have seen in Section 3, the poles of a point of observation P can 
be geometrically defined as the feet of the normals to the diffracting 
boundary drawn from the point of intersection of the line joining the source 
and the point of observation P, with the plane of the diffracting screen. 
It is obvious from this that the lines joining P with the projection of 
these poles on the plane of observation are norma! to the projection of 
the boundary on the same plane. This then provides one with a con- 
venient method of determining the poles. It is also clear that for all points 
lying along a particular normal to the geometric shadow of the boundary 
on the plane of observation, the pole is the same, namely, that point on the 
boundary, whose projection is the foot of the normal. But the phase of the 
waves arriving from the pole at the different points on the normal will vary. 
Reversing the idea, one may attempt to draw curves, for points on which 
the phase is a constant ; but it would be found that the resulting geometric 
construction is too complicated. However, by a simple modification, 
namely, by drawing curves, not of equal phase, but of what may be termed 
equal phase difference, the difficulty can be overcome. The phase difference 
here conceived of is the difference in phase between the ray reaching the 
point via the pole, and the one that would reach it straight from the source 
if the obstacle were not present. It is obvious that, for points in the field of 
observation lying on the projection of the boundary, the two phases would 
be identical, and the phase difference would be zero. As one goes farther 
and farther away, either into the region of light or the region of shadow, 
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the phase of the ray via the pole increases with respect to the direct ray, and 
the phase difference steadily increases. Since for points on the same normal, 
the pole is the same, one can mark out points on each normal for which 
the phase difference is 7, 27, 37, etc. Through points having the same 
phase difference, one can draw smooth curves, and thus obtain the curves 
of equal phase difference. 


In the case of a straight edge, the phase difference for a point of observa- 
tion distant s from the geometric shadow of the edge is casily shown to be 
4—7 as* 
ba@t+b 
where a and b respectively are the distances from the plane of the diffracting 
boundary of the source and the plane of observation. This expression also 
holds good for a boundary of arbitrary form, if we mean by s the distance 
of the point from the foot of the normal through it to the projection of the 
boundary ; for the shape of the boundary for an infinitesimal distance on 
either side of the pole can be supposed to be a straight line. Consequently, 
the distance s, corresponding to a phase difference of nz is 
Sy = (a + b)ja. 
Therefore, the lines of equal phase difference would be curves which are 
parallel to the form of the boundary, i.e., the distances measured along any 
normal between two curves would be constant. If one numbers these 
curves sequentially as 1, 2, 3,.... corresponding to the values 7, 27, 37,... 


of the phase difference, then the distance of the nth curve from the projection 
of the boundary would be s,,. 


Having drawn these curves, it is a very simple matter to determine the 
form of the interference curves in the region of shadow. The bright lines 
in the pattern would be given by the curve drawn through those curves of 
equal phase diffeience, the difference between whose sequential numbers is 
an even number. This is so because the difference between the values of the 
phase difference of two curves at a point of intersection is the difference 
between their actual phases, which is here 2mz, where m is an integer, s0 
that the two rays reaching the point from the corresponding poles would 
re-inforce each other, and produce a maximum intensity. On the other 
hand, the points of intersection of two sets of curves, whose sequential 
numbers differ by an odd number would evidently lie on an interference 
fringe of minimum intensity. 


It may happen that not two, but more, sets of curves of equal phase 
difference intersect. In such a case, one has to take them in pairs, and 
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draw the interference fringes for each pair. In this way, the whole inter- 
ference pattern can be mapped. 

The pattern becomes more complicated, if there are points of disconti- 
nuity on the boundary. In such a case, these points also act as centres of 
radiation, waves emitted by which will interfere with those radiated by the 
poles and produce an additional interference pattern. The lines of equal 
phase difference for these points are easily seen to be circles with the pro- 
jection of the point as centre and radii given by the formula derived above. 


* The above statements are made on the supposition that the phase of 
the resultant radiation from a pole is the same as that of the light falling on 
it: This is not actually the case, as was remarked in the preceding section. 
In that case, the lines of equal phase difference have to be shifted suitably. 
This fact will be taken into account while considering particular cases in the 
succeeding papers. 


7. INTERFERENCE PATTERN IN THE REGION OF LIGHT 


-. In the region of light, as already mentioned, there are both the direct 
radiation from the source as well as the diffracted radiation from the 
boundary, and two types of pattern, namely the primary and secondary, are’ 
produced. The primary pattern is due to the interference of the direct light 
with the radiations from the poles. Here, it is obvious that the most intense 
effects would be produced by those poles which are nearest to the point of 
observation. Also, since the lines of equal phase difference represent the 
difference in phase between the direct and the diffracted rays, these lines 
must coincide with the primary pattern in the region of light, those with 
odd numbers being dark fringes, and those with even numbers being bright.: 
Further, these fringes will run parallel to the boundary of the diffracting 
figure in the region of light, since the lines of equal path difference do the 
same. Of course, this is true only if the shape of the boundary is continuous, 
without any singularities. 

The secondary interferences are of the same nature as the pattern within 
the region of shadow, and can be mapped out in precisely the same manner. 
There is also a third, though minor, feature that can be observed in the region 
of light. This is the interference pattern due to points of discontinuity 
acting as centres of radiation, which can also be drawn in a manner similar 
to that in the region of shadow. 


8. TRANSITION FROM THE FRESNEL TO THE FRAUNHOFER PATTERN 


The application of the boundary idea to the interpretation of Fraunhofer 
patterns has already been pointed out by several writers, 
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Mitra has worked out the case of the semi-circular aperture in detail, 
Other applications will be found in the lectures by Sir C. V. Raman quoted 
above. A rigorous theory has been given by Laue (1936). But the new 
point which has been developed in this paper is that this technique can 
equally well be applied to Fresnel patterns. This procedure enables one to 
appreciate the relation between the two, and also to understand the transi- 
tion from the Fresnel to the Fraunhofer class. 


In Fraunhofer diffraction, the light from the source is focussed by means 
of a lens on the observation screen, so that the geometric shadow of the 
diffracting screen is reduced to a point, and the entire pattern is due to the 
boundary waves only. In the Fresnel pattern, on the other hand, the 
geometric shadow of the aperture is finite, and within this region, we have 
to consider not only the interferences of the boundary radiations with them- 
selves, but also with the incident light. There is no strict analogue of this 
in the Fraunhofer pattern. In the region of shadow of the Fresnel pattern 
no direct light falls and the effects are produced only by the boundary radia- 
tion ; but even here the relationship of phase is not exactly the same as in 
the Fraunhofer pattern, because the angle of diffraction is not the same for 
all points on the boundary, and also because variations of phase due to the 
finite distances are involved. 


It is fairly obvious that the differences between the two types of patterns 
can be diminished by one of three procedures, viz., increasing the angle of 
diffraction, increasing the distance of the source and the screen from the 
aperture, and diminishing the size of the aperture. If we consider the 
diffraction at large angles, it is seen that the small variations in phase caused 
by the finite distances of the source and the point of observation are over- 
whelmed by the large variations caused by the angle of diffraction, so that 
the pattern at these angles resembles the Fraunhofer pattern very closely. 
The same thing can be accomplished by reducing the size of the aperture, 
without altering its shape. Since the variations in phase due to the first cause 
are of the order of the square of the dimensions of the aperture, these decrease 
very much, so that the resemblance to the Fraunhofer pattern can be observed 
at smaller angles. So also, by increasing the distances of the source and the 
observation point from the diffracting screen, the variations in phase due to 
these finite distances can be decreased, and the resemblance to the Fraunhofer 
pattern brought still closer to the centre of the field. However, very close to 


the centre, particularly in the region of light, the pattern in the Fresnel case 
will be different from that in the other. 


It is a well known fact that the Fraunhofer pattern always exhibits a 
centre of symmetry, irrespective of the shape of the aperture. Consequently, 
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l. the above phenomena can also be described as follows. Starting with a 
d large size for the aperture, if one goes on reducing the size, the outer regions 
¥ of the Fresnel diffraction pattern progressively develop more and more of 
nD symmetry, the asymmetric portion contracting towards the centre. 
. The author wishes to express his indebtedness to Prof. Sir C. V. Raman, 
° for suggesting the problem and for kind interest in the course of this investi- 
| gation. His thanks are also due to Dr. R. S. Krishnan for helpful sugges- 
1s tions, and..to Mr. G. N. Ramachandran with whom he had many useful 
discussions. 
le SUMMARY 
e The paper deals with a new approach to the subject of diffraction which 
fe enables the nature of the Fresnel pattern due to an obstacle or aperture of 
as arbitrary form to be easily derived. Taking the hint suggested by observation, 
is it is assumed that in the region of shadow the pattern is produced by the 
a interference of radiations having their origin in the boundary of the aperture - 
a- or the obstacle. In the region of light, the boundary radiation interferes 
in with the primary incident waves and produces the fluctuations of intensity. 
or The radiation from the boundary can again be effectively replaced by 
ne spherical waves originating from a finite number of point-sources on the 
boundary, called ‘ poles’, at which the path to the point of observation from 
ns the boundary is a maximum or a minimum. This immediately gives a 
of geometric definition of the poles as those points on the boundary whose 
he projection on the plane of observation are the feet of the normals from the 
he observation point to the projection of the boundary. Using this result, it is 
ed possible to geometrically map out the positions of maximum and minimum 
2 intensity in the diffraction pattern of an arbitrary aperture or obstacle. The 
at telation between the Fresnel and Fraunhofer patterns of an aperture is dis- 
ly. cussed and it is shown that the Fresnel pattern approaches more and more 
re, to the other type as the size of the aperture is diminished or the distance to 
ise the observation screen is increased. 
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1. INTRODUCTION 


In the first paper of this series a general theory has been developed by 
means of which it is possible to determine the diffraction patterns due to 
apertures and obstacles of arbitrary shape. There it is suggested that the 
illumination at any point can be considered as arising from the superposi- 
tion of the direct radiation with radiations having their origin at points on 
the boundary. At places where there is no direct illumination, the latter 
alone are effective. In this paper, we shall employ this method fora 
detailed consideration of the diffraction patterns due to apertures and 
obstacles having rectilinear boundaries. 


2. EXPERIMENTAL ARRANGEMENT 


The apparatus consisted of a light-tight rectangular box, about five 
metres in length, at one end of which was kept a fine pinhole. Light from 
a straight filament lamp was focussed on the pinhole by means of a 
suitable lens, the light being roughly monochromatised by means of a red 
filter, transmitting a range of about 500 A.U. with a mean wave-length of 
6320 A.U. The diffracting screen was kept inside the box and its position 
with respect to the pinhole could be varied as required. The diffraction 
pattern was photographed on a plate kept at the other end of the box. 
Ilford H P 3 plates were used for monochromatic red light, while Selochrome 
plates were used for white light photographs. Exposures of the order of 
half an hour were given with obstacles, while an exposure of twenty to 
thirty hours was necessary to obtain the details in the region of shadow 
with apertures. 


3. DIFFRACTION PATTERN OF A SQUARE OBSTACLE 


The pattern inside the geometric shadow using monochromatic light 
is reproduced in Fig. 4 (c), Plate I. The most prominent feature of 
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this pattern is the two sets of curves symmetrical about the diagonals of 
the square. There are also two sets of equidistant lines parallel to the 
edges of the square. 

The diffraction pattern can be very simply explained in terms of the 
‘poles’ which are mainly responsible for the disturbance at any point. The 
geometric construction is shown in Fig. 1 where only one-fourth of the 


Fis. | 
square is drawn. It will be noticed that, for any point in the region ot 
shadow, there are four poles, one on each side of the square, and that they 
are all of minimum path. This happens because of the four discontinuities 
at the corners of the square. Because of the above fact, it is not necessary 
to consider the phase change of 7/4 of the pole radiation. In Fig. J, the thin 
lines represent the lines of equal phase difference for the two adjacent sides 
of the square, drawn according to the formula given in Paper I. The 
intersection of pairs of these lines whose sequential numbers differ by an odd 
number give the positions of minimum intensity, and the thick lines drawn 
through these intersections represent the dark bands found in the diffrac- 
tion pattern. Similar fringes would be formed by each pair of adjacent 
sides, and in this way, the system of curves found in the diffraction 
pattern could be explained. In fact, as can be shown in a simple manner, 
the curves are all parts of rectangular hyperbole which have the two 
diagonals as one set of asymptotes, the other set being the perpendiculars 
to these through the corner of the geometric shadow of the square. The 
hyperbole join by symmetry at the centre of the pattern, thus giving an 
appearance of two sets of continuous curves. The lines parallel to the sides 
of the square arise from the interference of radiations from opposite edges. 
It is readily seen that these lines must be equally spaced, being the closer 
the farther are the two parallel edges from each other. 
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The pattern in white light can be deduced from that in monochromatic 
light. Since the phase retardations are inversely proportional to the wave- 
length, the position of the fringes will vary with wavelength. It is there 
fore obvious that, in white light, only those fringes for which the difference 
in phase of the two interfering beams is a small multiple of « would be 
prominent. Thus with a square, only the hyperbolic fringes close to the 
diagonals, and the parallel fringes close to the lines joining the mid-points of 
opposite sides of the geometric shadow should be seen clearly. That this is 
actually the case is vividly shown by Fig. 4(d), Plate I. 


4. DIFFRACTION PATTERN OF WEDGE-LIKE OBSTACLES 


In a square, the adjacent sides meet at right angles, so that the fringes 
take the shape shown in Fig. 1. But the general shape is the same even if 
the edges meet at an acute or an obtuse angle, the fringes being sym- 
metrical about the internal bisector of the angle. Fig. 2 shows the geometric 
construction for an obtuse angle of 120°. It may be remarked that for 
supplementary angles, the shape of the fringes are identical. In fact, witha 
wedge having an obtuse angle, the important portion of the pattern is restrict- 
ed only to a region having the supplementary angle as is shown by dotted 
lines in Fig. 2. In the region outside this, only one pole is effective, since 


no perpendicular can be drawn to the other edge. However, the corner 
acts as a feeble source of boundary radiation, and the fringes should extend 
slightly outside the dotted lines also. 
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~The similarity between the patterns obtained with supplementary 
angles is shown in Fig. 4(f), which is the diffraction pattern of a parallelo- 
gram having angles of 60° and 120°. Equidistant fringes running parallel 
to the sides of the figure are also noticed. These have their origin in the 
precisely the same manner as with the square. 


Fig. 4(e) shows the diffraction pattern of an equilateral triangle. The 
pattern can be completely explained by the superposition of the diffraction 
patterns due to the three wedges formed by the sides of the triangle taken 
two by two. 


Figs. 4 (a) and (6) are the diffraction patterns of a figure having the 
shape of a cross taken in monochromatic and white light respectively. It 
is interesting to notice that, in white light, a few of the fringes correspond- 
ing to small phase differences stand out prominently. 


In all these cases, the pattern in the region of light is not very interest- 
ing. As explained in the earlier paper, the fringes run parallel to the edges 
of the figure. A few such could easily be observed visually. They have 
been obliterated by over-exposure in the reproduced pictures in Fig. 4. 
They have their corners rounded off, as should be expected from the 
consideration that, where the radiation from a pole cannot reach, the corner 
radiation is effective. 


5. APERTURES HAVING RECTILINEAR BOUNDARIES 


Just as the region of light is not striking in the diffraction patterns of 
obstacles, so also with apertures the most interesting portions are in the 
region of shadow, outside the projection of the boundary on the diffraction 
screen. Figs. 5(a) to (f), Plate II, are the diffraction patterns of square 
apertures of decreasing size, all of them being enlarged to approximately 
the same size. With the larger apertures, the prominent features are the 
series of lines parallel to the edges, and a few streaks running perpendi- 
cular to them. The former are readily explained as being the result of the 
interference of radiations from opposite edges. The latter arise in an inter- 
esting manner. They are produced by: the interference of the radiation 
from an edge with that from a corner. The manner in which they arise is 
shown very clearly in Fig. 3, where AB is an edge terminated at A, so that 
A acts as a centre of spherical radiation. The lines of equal phase differ- 
ence due to this are the circles, and those due to the edge AB are the thin 
lines. Their intersections produce the dark fringes represented by thick 
lines, running perpendicular to the edge. In the case of a square, the two 
comers on either side interact with the edge and give the system of streaks 
symmetrical about the middle point. 
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The pattern in the region of light consists simply of a square mesh 
formed by two sets of lines parallel to the edges of the square (observed 
visually), the explanation of which is obvious. 


The transition from the Fresnel to the Fraunhofer class of diffraction 
as one reduces the size of the aperture is beautifully illustrated by the 
series of photographs in Fig. 5. The first four pictures do not have much 
of a resemblance to the Fraunhofer pattern, while the last one, Fig. 5(f) is 
strikingly similar to it. 


Figs. 6 (a) to (f) are the Fresnel diffraction patterns of equilateral 
triangles of decreasing size. Here again, the transition to the Fraunhofer 
class is beautifully shown. In the last figure, one can see the formation 
of the six-rayed star, which is the Fraunhofer pattern of an equilateral 
triangle. The increase in symmetry as the size of the aperture is reduced is 
also shown by these photographs. 


The Fresnel pattern of an equilateral tr'angular aperture can be 
described as being composed of three sets of curves and three sets of streaks. 
The latter arise in precisely the same manner as with a square, viz., by the 
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interference of the radiations from an edge and the corners at its ends, the 
streaks being perpendicular to the edges of the triangle. It can be easily 
verified that the curved fringes arise from the interference of the radiations 
from one of the sides with those from the opposite corner. 


In conclusion, the author wishes to express his grateful thanks to 
Prof. Sir C. V. Raman, Kt., F.R.S., N.L., for valuable suggestions and kind 
interest in the course of this investigation. 


SUMMARY 


In this paper, the Fresnel diffraction patterns of apertures and 
obstacles having rectilinear boundaries are discussed. Photographs of the 
patterns in a number of cases such as a square and an equilateral triangle 
are reproduced. These are explained in terms of the ideas developed in 
the tirst paper of this series. The transition from the Fresnel to the 
Fraunhofer class with square and equilateral triangular apertures is 
illustrated by means of photographs taken with apertures of decreasing 
size. 
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1. SBMI-CIRCULAR AND SEGMENTAL OBSTACLES 


Tue Fresnel diffraction patterns of obstacles having the shapes of a semi- 
circle, and of a segment of a circle smaller than a semicircle, taken 
with monochromatic light, are shown in Figs. 3 (a) and (c) Plate Il, 
respectively. The patterns exhibited by the same in white light are 
shown in Figs. 3(5) and (d). The most interesting feature with the 
semi-circle is that, close to the centre, the fringes are almost exactly circular, 
while near the circumference they are straight lines. The same phenomenon 
is also exhibited by the segment. Near the curved edge, the fringes are 
straight, while near the straight edge, they are parallel to the circumference. 


The pattern with a semi-circle has been geometrically constructed i 
Fig. 1 to scale on the lines described in the first paper of this series. Just 
as with the square, here also, both the poles are of minimum path, so that 
che thin lines are drawn to correspond to differences of phase of =, 2z,..-- 
It will be seen that the shape of the fringes (thick lines) constructed in Fig. | 
194 
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agree closely with that actually found. In fact, careful measurement 
shows quantitative agreement between the two. From the figure it becomes 
clear why near the curved edge the fringes are straight and vice versa. It 
is so because the first line of equal phase difference (phase difference = =) 
occurs at a fair distance from the edge of the geometric shadow. Within 
this region, the phase of the radiation from the corresponding edge changes 
very slowly, but that from the opposite edge changes rapidly. Conse- 
quently the position of the fringes is determined essentially by the phase 
of the radiation from the opposite edge, and will practically coincide 
with the lines of equal phase difference for it. These being parallel to the 
edge from which they originate, the fringes close to the curved (or 
straight) edge is parallel to the straight (or curved edge). 

The case of a segment of a circle is exactly similar, and can be explained 
in the same manner as with a semicircle. The white light pattern in 
both the cases shows only the fringes of small phase retardation strongly, 
just as with the square. 


Figs. 3(e) and (f) are the diffraction patterns of a semi-circle from 


‘which a concentric semi-circle has been removed, in monochromatic and 


white light respectively. Since the important edges of the obstacle have the 
shapes of arcs of concentric circles, the fringes also run parallel to the two 
edges. Superposed on these, however, the fringes produced by edges meet- 
ing at a corner are also recorded. 


2. PATTERN IN THE REGION OF LIGHT WITH APERTURES 


As was mentioned in the first paper, the pattern in the region of light 
is mainly produced by the interference of the direct light with the 
boundary radiation. Consequently the fringes in this case ought to have the 
same shape as the curves of equal phase difference. With segments of a circle, 
therefore, the fringes would be arcs of concentric circles, and parallel 
straight lines. This is beautifully illustrated by Figs. 4 (a) to (7), Plate IV, 
for apertures of different sizes, both when they are semi-circular, and 
When they are larger than a semi-circle. In Fig. 2, the positions of- 
the bright fringes have been constructed for a semi-circle of size corres- 
ponding to Fig. 4(f). These will be the same as the lines of equal phase 
difference having odd sequential numbers, since, in the region of light, 
the phase of the pole radiation differs from that of the direct light by _ 
The small phase change of 7/4 has been neglected. 


3. PATTERN IN THE REGION OF SHADOW WITH APERTURES 


Figs. 5(a), (6), (c), Plate IV, are the diffraction patterns in. the 
region of shadow exhibited by semi-circular apertures of Figs. 4, (d) to (f), 
As 
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and Figs. 5 (d), (e), (f) are similar patterns obtained with segments of a circle 
smaller than a semi-circle. These photographs were obtained by giving very 
large exposures, so that the details in the region of light were lost by over- 
exposure. The interesting features of these patterns are the oval-shaped 


rings beyond the straight edge of the semi-circle, and curved arcs on the 
other side. 


In Fig. 2, the diffraction pattern of the semi-circular aperture corres- 
ponding to Fig. 5(c) has been constructed on the lines suggested in the 


first paper of this series. The oval-shaped curves arise as a result of 
the interference between the radiations from the straight and the circular 
edges. The figure is self-explanatory on this point. The curved fringes 
on the top of the figure also arise in a similar manner. Here, however, 
the corner radiation also plays a small part. The lines of equal phase 
difference for the straight edge are the continuous lines. Their length 
is exactly equal to the diameter of the semi-circle. At the two ends, 
however, these lines have been continued along the dotted lines which 
are the lines of equal phase-difference for the two corners. The inter- 
section of these lines with the circular arcs gives the interference pattern at 
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the top. It may be remarked that the constructed patterns, both at the top 
and the bottom, bear a striking resemblance to those photographed. 


An important factor has been neglected in the construction of the 
pattern, viz., the difference in phase between the radiations from the poles, 
partly because of the fact that the light from one passes through the region 
of light while that from the other does not, and also because one of the 
poles may correspond to maximum path while the other correspond to 
minimum path. The omission of this factor is not, however, a serious 
defect, for the effect of its inclusion would only shift the fringes a little, 
without materially affecting their shape. 

If one studies the photographs in Fig. 5 a little more closely, it will 
be found that, in addition to the fringes described above, there are also 
unequally spaced bands, running perpendicular to the straight edge, and 
appearing faintly on both sides of the semi-circle. These have their origin 
in the same cause as with the square (see Paper II), viz., in the interference 
of the corner radiations with those from the straight edge. 

Figs. 6 (a), to (e), Plate V, are the Fresnel difiraction patterns of a 
number of semi-circular apertures of decreasing size. Fig. 6 (a) was taken 
with a large aperture, and shows all the typical features of the Fresnel 
diffraction pattern. As the size is reduced the pattern gradually alters in 
nature, until in Fig. 6 (e), it possesses a large amount of symmetry about 
a point of symmetry. The similarity between Fig. 6 (e) and Fig. 6(f), which 
is the Fraunhofer pattern of a semi-circular aperture, is striking. Thus, in 
this case also, on reducing the size of the aperture, the pattern slowly 
transforms into the Fraunhofer type. 

In conclusion, the author wishes to express his grateful thanks to Prof. 
Sir C. V. Raman, Kt., F.R.S., N.L., for the valuable suggestions and kind 
interest in the course of this investigation. 


SUMMARY 


In this paper, the Fresnel diffraction patterns exhibited by apertures 
and obstacles having the shapes of the semicircle and the segments of a 
circle are described and explained in terms of the general theory proposed 
in the first paper of these series. The transition for a semi-circular aperture 
from the Fresnel to the Fraunhofer class of phenomena as the size of the 
aperture is diminished is also illustrated. 
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1. OBSTACLES HAVING THE SHAPE OF THE SECTOR OF A CIRCLE 


Fics. 4 (a) to (f), Plate VI, are the diffraction patterns inside the region 
of shadow produced by sectors of a circle subtending angles of 60°, 90°, 
120°, 240°, 270° and 300° respectively at the centre. It will be noticed that, 
in the first three cases, where the angle is less than 180°, there is a strong 
resemblance to the pattern produced by a triangular obstacle. In fact, such 
a sector differs from a triangle only in that one of its sides is curved, while 
the triangle has all its three sides straight. In Fig. 1, the diffraction pattern 
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of the quadrant of a circle has been constructed. Since all the three poles are 
of minimum path, no phase change has been taken into account, It will be 
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seen that the constructed pattern describes practically all the details actually 
found. The pattern is completely explained as being due to the superposition 
of the interference patterns produced by adjacent edges taken two by two. 


Another interesting phenomenon is found in the case of the sector of 
angle 120°, and more faintly with the others. This is the presence of bright 
and dark bands running approximately radially. These have been verified 
by construction to arise from the interference of the radiations from the 
curved edge with those from the corner at which the circumference and the 
radial straight edge meet. In fact, such radial fringes are also found in the 
case of a semi-circle [see Fig. 3 (a), Plate II], of Paper III], where these 
lines show a tendency to curve very near the centre. The geometric construc- 
tion also shows that this must be the case. 


With sectors having angles greater than 180°, the pattern is somewhat 
different. As may be seen from Figs. 4(d), (e), (f), the fringes are circular 
near about the centre. The pattern for a sector of angle 240° has been 
constructed in Fig. 2. It can be explained as being produced by the inter- 
ference of the radiations from two poles, one situated on the circumference, 
and the other on one of the straight edges. But no such pair of poles can 
be found for a point between the thin lines in Fig. 2. For such a point, there 


Fic 2 


is only one pole on the circumference ; the other source of radiation is the 
corner at the centre. The interference of this with the boundary radiation 
produces the fringes in this region, which are all arcs of concentric circles. 
Fig. 2 was constructed in this way to represent the diffraction pattern in 
Fig. 4(d), with which it shows quantitative agreement. The presence of 
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circular fringes in the region between the thin lines in Fig. 2 is a proof of the 
existence of corner radiation. 


2. REGION OF LIGHT WITH SECTORED APERTURES 


Figs. 5(a) to (f), Plate VII. are the diffraction patterns in the region 
of light obtained with apertures having the shapes of sectors of a circle sub- 
tending angles of 60°, 90°, 120°, 240°, 270° and 300° respectively at the centre. 
Here again, as with the segments of a circle, the primary pattern, with the 
fringes parallel to the sides of the aperture, is prominently visible. It may 
be noticed that with sectors having angles greater than 180°, the primary 
pattern due to the straight edges are found strongly only in the region o'itside 
that enclosed by the thin lines in Fig. 2, as is to be expected. 


3. DIFFRACTION PATTERN IN THE REGION OF SHADOW 
WITH SECTORED APERTURES 


In Figs. 6(a) to (f), Plate VII, the diffraction patterns obtained with 
the same apertures as in Fig. 5, but in the region of shadow, are reproduced. 
We shall explain two typical cases, viz., sectors with angles of 90° and 300°, 
corresponding to Figs. 6 (b) and 6( /) in terms of the general theory developed 
earlier. Let us first consider Fig. 6(f). Fig. 3 shows the geometrically 
constructed pattern for this aperture. The continuous fringes at the top are 
produced by the interference of the radiations from one of the straight edges 
and the circular portion adjacent to it. It will however be seen that corres- 
ponding to the circular portion of these fringes, there can be no pole on 
either of the two straight edges. Hence, the corner at the centre acts as one 
source of radiation, and the other one is on the circumference. That is 
why the fringes are concentric with the boundary in the region. At the two 
ends, the circles deviate away from the boundary, exactly as with the semi- 
circular aperture. 


The set of fringes at the bottom of the figure are produced firstly by the 
interference of the radiations from the two straight edges, and secondly by 
the interference of the radiations from one of the straight edges and those 
from the curved portion opposite to it. In fact, such an artificial distinction 
is unnecessary, for the lines of equal phase difference from the straight and 
the curved portions are not disconnected, but run continuously, being con- 
nected by the lines due to the corner radiation of the point where they meet, 
thus forming the thin lines shown in Fig. 3. The intersection of one set of 
these thin continuous curves with the other gives the series of fringes at the 
bottom. A comparison of the pattern constructed in Fig. 3 with that 
photographed in Fig. 6(/) will show that the explanation is correct. 
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Even for a sector with an angle less than 180°, the same phenomena 
occur. Only the circular portion of the upper fringes are absent, and the 
two sets of fringes on either side at the top intersect. All the fringes at the 
top can be explained as being due to the interference of the radiations from 
a straight edge with those from the circular edge. In the bottom, however, 
the fringes obtained with reflex-angled sectors are absent with these. In 
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their place, a set of circular fringes come in, which are obviously due to the 
interference of the corner radiation from the centre with the boundary radia- 
tion from the opposite circular arc. {n addition, there are also two sets of 
streaks perpendicular to the straight edge, which obviously have their origin 
in the interference of the radiation from the edge with those from the corners, 
just as in the triangle, semicircle, etc. 


The transition from the Fresnel to the Fraunhofer class of phenomenon 
with a* quadrantal aperture is illustrated by Figs. 7 (a) to (/), Plate VIII. 
As in all other cases, it is seen that as the size of the aperture is diminished 


the Fresnel pattern approaches more and more the Fraunhofer pattern 
illustrated by Fig. 7(/). 


| ) 
XxX 
Vy, 
\ / \ 
\ \ / \ 
j ; 
‘ \ Y ¥ AY 
\IA 
AN 
Fia. 3 


202 Y. V. Kathavate 


In conclusion, the author wishes to express his grateful thanks to Prof. 
Sir C. V. Raman, Kt., F.R.S., N.L., for valuable suggestions and kind interest 
in the course of this investigation. 


SUMMARY 


Photographs of the Fresnel diffraction patterns exhibited by sectors of 
a circle are reproduced and are explained on the basis of the general theory 
developed in an earlier paper. The transition from the Fresnel to the 
Fraunhofer class as the size of the aperture is diminished is also illustrated 
with an aperture having the shape of the quadrant of a circle. 
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1. THE DIFFRACTION PATTERN OF AN ELLipTic Disc 


Fics. 5 (a) to (f), Plate IX, are the diffraction patterns of a series of ellipses 
of increasing eccentricity but whose major axes are all equal, taken in mono- 
chromatic light. They were obtained by using a circular disc and placing 
it at varying angles to the incident beam, so that the cross-section presented 
to it had the shape of an ellipse. As was noticed by Sir C. V. Raman (1919) 
with elliptic apertures, and by S. K. Mitra (1919) for obstacles, these photo- 
graphs also show a concentration of luminosity along the evolute of the 
geometric projection of the boundary on the observation plane ; but there 
is also a large amount of further detail. Thus, a number of rings are seen in 
the region outside the evolute. These are very nearly circular in Fig. 5 (a), 
when the eccentricity of the ellipse is small, but are more and more elongated 
along the minor axis of the ellipse, when the eccentricity is increased. Then 
there are a large number of bright dots inside the evolute, which may be 
imagined to be produced by the intersection of two or more sets of bright 
and dark fringes. This is particularly evident in Figs. 5(e) and (f), where 
the area enclosed by the evolute is large and extends outside the projection 
of the ellipse. In such a case, the pattern is vivid only inside the region of 
shadow. These features will be explained in terms of the pole radiation in 
the next section. 


2. THe WAVE-FRONT OF THE BOUNDARY RADIATION AND 
THE EXPLANATION OF THE PATTERN OBTAINED WITH AN ELLIPTIC Disc 


Fig. 1 shows the lines of equal phase difference for one-fourth of the 
boundary of an ellipse. They were drawn as follows. A number of normals 
were drawn to the ellipse, and distances were marked off on this from the 
boundary, corresponding to phase differences of ~, 27,.... (The phase 
change of z/4 was neglected.) Smooth curves were then drawn through 
points having the same phase difference. The figure (Fig. 1) which was so 


203 


A 
= 2) 
‘ 
= 
_ aye 
ter 
~ 
| 
4 


Y. V. Kathavate 


204 

é 

| Wy | 
\ 

\ \ | 
\ 
| 3 Fig. 4 


Geometric Theory of Fresnel Diffraction Patterns—V 205 


constructed might also be said to represent the propagation of a wave-front 
arising from the elliptic boundary. It will be seen from the figure that in the 
region outside the corresponding portion of its evolute (thin line) the pole 
radiation from a quadrant of an ellipse cannot exist. Hence, only two poles 
are active at any point outside the evolute, which are situated one on 
the same quadrant and the other on the opposite quadrant. The inter- 
ference of the light coming from these poles gives rise to the quasi-elliptic 
rings, which have been constructed in Fig. 3. They are elongated along the 
minor axis of the elliptic disc. 


It will be seen from Fig. 1 that, for any point within the evolute, there 
are four poles, one in the same quadrant, one in the opposite, and two in the 
adjacent quadrant lying on the other side of the major axis. Radiations 
from the two poles lying in the same quadrant interfere and produce a pattern 
having its fringes (thick lines) parallel to the sides of the evolute as shown in 
Fig. 2. In fact, these fringes go right across the region enclosed by the 
evolute, and produce the system of bright and dark spots lying in rows 
parallel to the evolute. This is particularly clear in Fig. 5(d). The elliptic 
rings and the fringes parallel to the evolute are both shown in Fig. 3. 


The radiations from the pole in the same quadrant as the point of 
observation and from one of the poles in the adjacent quadrant give rise 
to a system of curved bands, symmetric about the major axis. 
which are shown by thick lines in Fig. 4. These bands are seen clearly in 
Figs. 5 (4) to (f). On the other hand, the same interfering with the radiations 
from the other pole in the adjacent quadrant produces a system of fringes 
symmetric about the minor axis as in Fig. 4. These, however, do not 
appear strongly in the photographs. 

The above results of the theory are particularly vividly borne out by 
Figs. 5(c), (d) and (e). 


3. DIFFRACTION PATTERNS OF ELLIPTIC APERTURES IN THE 
REGION OF LIGHT 


In Fig. 6, Plate X, there is an array of photographs taken with elliptic 
apertures of different sizes and eccentricities. All the ellipses in the 
same vertical column had the same major axis, but varying eccentricity. 
Three sizes were used, having major axis equa! to 6-9mm., 5-3 mm. and 
4-8imm., designated by A, B and C respectively in Fig. 6. Ail the ellipses 
in the same row had the same eccentricity. This was secured by having three 
sharp circular holes in a metal sheet of radii equai to the major axes, and by 
tilting the sheet differently with respect to the incident beam and photo- 
graphing the three diffraction patterns simultaneously. Five such pictures 
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were taken and they are denoted by (a), (5), (c), (d) and (e) in Fig. 6. In the 
reproduction, all the figures have been enlarged to nearly the same size. The 
patterns are really exquisite. In spite of their apparent complexity, they 
can be resolved and explained in a manner similar to that employed for the 
elliptic disc. 

Fig. A(a) shows a number of bright and dark rings parallel to the 
boundary. This is the primary pattern produced by the interference of the 
boundary radiation with the direct light. These rings should practically 
coincide with the lines of equal phase difference and should therefore be 
parallel to the boundary. They are seen clearly upto Fig. A (c). 


The evolute in the first row is quite small, and there is no appreciable 
detail inside. But even here, there are bright or dark spots corresponding 
to the ends of the evolute, according as the phase here is the same or opposed 
to that of the direct light. 


In the second row, the evolute is a little larger, and one can discern 
bright and dark bands inside having the shape of the lines of equal phase 
difference (thin continuous lines in Fig. 2). But the most striking feature in 
these, particularly in Figs. B(b) and C (6), is the presence of elliptic rings 
similar to that in the obstacle, These constitute the ‘secondary pattern” 
described in Paper I, being produced by the interference of the boundary 
radiations. These rings are seen faintly also in Figs. B (a), C (a), A (h) 
and C(c). 


The rest of the figures present no new features. They all have fringes 
having the shapes of the lines of equal phase difference inside the evolute. 
The ends of the evolute are seen prominently as a bright or a dark spot 
(depending upon the phase), since it forms the centre of curvature for an 
appreciable region of the boundary. 


4. DIFFRACTION PATTERN OF APERTURES IN THE 
REGION OF SHADOW 


For a point in the region of shadow, only two poles are effective, which 
lie on opposite quadrants of the elliptic boundary. The radiations from 
these interfere to give the quasi-elliptic rings elongated along the minor axis 
of the elliptic aperture. In fact, on giving large exposures and obtaining the 
pattern in the region of shadow, one finds only these rings to be present, 
the pattern inside the region of light being obliterated by over-exposure [see 
Figs. 7 (a) to (f), Plate XIj. These represent the Fresnel diffraction 
patterns in the region of shadow of elliptic apertures of decreasing size. Since 
the evolute lies completely in the region of light (the eccentricity being small) 


la 


(a) 


Nathavte Proc. Ind. Acad. Set., A, vol. XX1, Pl. 1X 


Pre. 5 


b) 


(d> 


ie 
| 
le | 
> 
d | 
> 
| 
te) 
g 
1 \\\\ 
; 9 
| 


V. Kathavate 


Proc. Ind. Acad. Sct., A, vol. XX Fa. x 


(a) 


(b) 


(c) 


B 
: | 
‘ 
| i a4 2 
= 
Fic. 6 


~ 
2 
X 
4 
N 


Kathavate 


7 


| 4 | 
a) 
| 
| 
5 
4 


( 
( 
‘ 
‘ 


Geometric Theory of Fresnel Diffraction Patterns—V 207 


the concentration of intensity along the evolute noticed by Sir C. V. Raman 
in the region of shadow (loc. cit.) is not seen in these pictures. Just as in 
the other cases, the transition to the Fraunhofer pattern occurs with 
ellipses also. The similarity of Fig. 6(f) to the well-known Fraunhofer 
pattern of an ellipse is striking. 


In conclusion, the author wishes to express his grateful thanks to Prof. 
Sir C. V. Raman, Kt., F.R.S., N.L., for valuable suggestions and kind interest 
in the course of this investigation. 


SUMMARY 


Photographs of the Fresnel diffraction patterns of elliptic apertures and 
obstacles are reproduced. These show many new features hitherto un- 
observed. For instance, with elliptic discs, a number of bright and dark 
fringes parallel to the sides of the evolute are found inside it. Another 
interesting feature is the existence of quasi-elliptic rings outside the evolute, 
with their longer axis along the minor axis of the geometric shadow. These 
are found with elliptic apertures also, which besides exhibit bands parallel 
to the boundary of the ellipse and a fine criss-cross pattern inside the 
evolute. The patterns are explained in terms of the general theory proposed 
in Paper I. The transition from the Fresnel to the Fraunhofer pattern as 
the size of the aperture is diminished is also illustrated. 
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1. INTRODUCTION 


Ir is a well-known fact that if an opaque circular disc be placed in a beam 
of light diverging from a pinhole, then a bright spot is observed at the 
centre of the shadow cast by the disc. A spherical obstacle also gives a simi- 
lar spot. However, it was shown by Sir C. V. Raman and K. S. Krishnan 
in 1926 that there is a difference between the two cases. They made a com- 
parative photometric study of the intensity of the central spots produced by 
a disc and a sphere of equal radius. They found that the two spots are 
almost equally bright at very large distances from the obstacles. As the 
point of observation is brought more and more near to the obstacle, the ratio 
of the intensity of the disc spot to that of the sphere spot increased progres- 
sively, roughly in proportion to the exponential of the inverse of the dis- 
tance. They qualitatively explained their results as being due to the fact 
that in the case of the disc the light diffracted by the edge comes direcily 
to the point of observation, while the light diffracted by a sphere has to 
creep round a part of the surface of the sphere, this being greater the 
nearer the point of observation is to the sphere. 


The present paper deals mainly with this question of the relative inten- 
sity of the central spots obtained with a disc and a sphere. The observa- 
tions confirm the explanation of Raman and Krishnan. Incidentally, an 
attempt is made to explain the Fresnel diffraction patterns of circular 
obstacles and apertures in terms of the general theory proposed by the 
author in an earlier paper. 


2. DIFFRACTION OF LIGHT BY A SPHERE AND A Disc 


The spheres used in the experimental study were steel bearing balls. 
Four spheres were used having radii 1-58, 1-98, 2-37 and 3-17mm. The 
corresponding discs were accurately turned on the lathe in the form of a 
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very flat cone having for its base a circle of the requisite radius, thus securing 
a very sharp edge. The four spheres and the four discs were mounted one 
below the other on a plate of glass in such a manner that the diametral plane 
of the sphere and the plane of the disc were at the same distance from the 
source. Photographs were taken by placing the plate at distances of Scm., 
10cm., 20cm., 40cm. and 180.cm. from the obstacles, the distance from the 
diffracting screen to the source being in all cases 2 metres. The photographs 
obtained in the first four cases are reproduced in Figs. 1 (a) to (d), Plate XII, 
and the last one at 180 cm. is shown in Fig. 2 (a), Plate XIE. 


A natural consequence of Raman and Krishnan’s explanation of the 
difference in intensity of the central spots obtained with a sphere and a disc 
is that, for the same distance of the screen from the obstacles, the ratio must 
be smaller the larger is the radius. The photographs in Fig. 1 are intended 
to verify this conclusion. Although no quantitative measuremenis were 
made, the following facts are fairly obvious from a study of the photographs. 


In Fig. 1 (a) obtained with the screen at a distance of 5cm. behind the 
obstacles, the two smaller discs show the central spots, but the corresponding 
spheres do not show them, In Fig. 1 (5), (at 10cm.), all the discs have the 
central spots, but only the smallest two spheres show them. In Fig. 1 (ce) 
taken at 20cm., all the disc-spots appear stronger than the corresponding 
sphere-spots, and the disparity in intensity is larger for the bigger obstacles. 
These facts are also shown by Fig. 1 (d), taken at 40cm. On the other hand, 
with Fig. 2(a) taken at 180.cm., one can hardly find any difference between 
the two patterns even for the biggest size. These results provide a verification 
of the explanation given by Raman and Krishnan for the difference in 
intensity of the central spot of the disc and the sphere. 


In Fig. 2 (a) the last two spheres and discs exhibit a number of rings 
round the central spots. The rings given by the disc have been enlarged in 
Fig. 2(b). Incidentally, it was verified that the positions of the bright and 
dark rings agree with those calculated from Lommel’s theory, which are 
substantially the same as those given by the geometric theory. 


3. DIFFRACTION OF LIGHT BY A CIRCULAR APERTURE 


Fig. 3 (a) to (f) are the Fresnel diffraction patterns of circular apertures 
of decreasing radii. The photographs were obtained by giving very large 
exposures of the order of 30 hours in order to bring out the faint details in 
the region of shadow. It is thus seen that the illumination is not continuous, 
but that there are concentric bright and dark rings, which are similar to 
those obtained in the Fraunhofer pattern of a circular aperture. 
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In this case, the rings in the region of shadow are produced by two poles 
at the two ends of a diameter. It is interesting to note that as the size of 
the aperture and consequently that of the central bright region of light is 
diminished, the pattern tends to become more and more like the Fraunhofer 
pattern. 


In conclusion, the author wishes to express his grateful thanks to Prof. 


Sir C. V. Raman, Kt., F.R.S.,N.L., for valuable suggestions and kind interest 
in the course of this investigation. 


SUMMARY 


The explanation given by Raman and Krishnan for the difference in 
the intensities of the central bright spots given by a sphere and a disc of the 
same diameter has been verified by using four such pairs of different sizes. 
The Fresnel diffraction pattern of a circular aperture in the region of shadow 
has been photographed and the transition of this to the Fraunhofer pattern 
as the size of the aperture is diminished is illustrated. 
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ADDENDUM 


In the paper “Spectroscopic Analysis of Soil Colour” published in 
Proc. Ind. Acad. Sci., A, 1944, 20, pages 311-322, we have acknowledged the very 
kind facilities and assistance given to one of us for carrying out the work. 
We would like to add that we are particularly grateful to Mr. W. J. John, 
Senior Scientific Assistant in charge of the Spectroscopy Section of the 
Laboratories, and to the Group Officer Mr. J. B. Mukerjee, who had helped 
he investigation with their advice and assistance. 


ERRATUM 


Vol. XXI, No. 3, A, March 1945, page 132, line 5 
Read Cio Hy, O, for Cia His O, 
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THE GEOMETRY OF PARTIAL DIFFERENTIAL 
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(Annamalai University, Annamalainagar) 
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(Communicated by Dr. A. Narasinga Rao) 


THE differential geometry associated ,with the system of partial differential 
equations of the second order 


obeying the following postulates: 

(i) The Hg, are arbitrarily differentiable in u, x, p}; (ii) The system 
(i) and its equations of variation transform according to the tensor law; 
(iii) there exists at least one tensorial operator that corresponds to total 


differentiation with respect to one of the independent variables and for the 
transformation group 


has been studied by Kosambi and others.* The fundamental tensorial 
operator has been taken to be of the form 

D,T:: = +o, ~% + (3) 


where 


B 
The functions Hag and the connection coefficients yi, and I$, have the 
transformation laws: 


d 


Hag = US UR — Xi, pp pp UL US US, a) 
Yhy = yom XP UE + (4) 
Te, Us = I's, Us Us + US, 
where 
Rim ayer Xm = age Mt = Ub = ete. 


* D. D. Kosambi, J. J. M.S., New Series, 3, No. 7. 249-53, with other postulates by : 
Enea Bortollotti, Rendiconti della Reale Academia Nazionale dei Lincei, 1936, 23, 16-21, 104-10, 
175-80; A. Kawaguchi and H. Hombu, J. of the Faculty of Science, Hokkaido Imperial 
University, 1937, 1, 6, 21-62. 
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It is the object of the present note to obtain the differential operators 
and differential invariants of the system (1) directly from the transform. 
ation laws (4) by differentiation and elimination of the second and higher 
derivatives. 

Substitution for Xj, p, and Ug, in (4a) from (46) and (4c) and simpli- 
fication leads us to the tensor 

Aug = Hag— YarPp + Pp (5) 

This is present in equation (1) itself. Expressing (1) in invariant form, we 
have 


Dg Pa + Aga = Da + Aag = 2. 
Differentiating (46) with respect to Dp We get 


a m n my; Vv 
X= RE UR US + 


Hence we find that 
> 
ji Ya 
= 58, ; and (2 ape — Yes are tensors | 
a 
Also by inspection of (4c) it is obvious that a is a tensor. (10) 


Differentiating (4b) with respect to x”, we get 


x! = Y pe + Yai + Xi 


= (Yer XP US + Yom UL XR + ph (ile 


We can eliminate the third derivative present here, in three ways: one, inter- 
change j and k and subtract. We get the tensor 


Two, contract with De and interchange a and 8 and i es We get the 
tensor 


Three, contract a with 8 in hs and oii D, of the result. We get an 
expression that involves Xj, pi. Subtract this from (lla). We get the 


pk m Yas )— Yas Yee | 
4 


tors 
rm- 


gher 
npli- 


(5) 


We 


(6a) 


(6-9) 


(10) 


(11a) 


inter- 


(11) 
et the 


(12) 


Geometry of Partial Differential Equations of Second Order 


Differentiating (4b) totally with respect to uf, we get 
X (2p Yau) + Yes Pp 
= Yom Xi, + yom XP + Pag 
+ Pa Pp + XP Us Ry Yom) (14a) 
Substitution for the second derivatives and a little simplification reduces 


this to, . 
Xi (2p Yay + Yas) 


= XP Us UZ Yom — Yor vom) + Yas XP US 

+ Yom Yaj Xr UZ + Yom Uae + Xi Pag + Xin Pa 
There are three methods open to us to eliminate the third derivative. (i) 
Interchange a and 8 and subtract. We get the tensor, 


[(2¢ Yay — Yar Ye) — Qa — Yer Vos) (14) 


(ii) Contract with p/, interchange f and y and subtract. A somewhat 
lengthy simplification leads us to the tensor, 


Copy = [py (3 Yay; + Ver Yai — Yus 
— Py Yas + — Yas 
+ (Yom Pag — Yim Vay) — Yer Hay + Hog] (15) 


(iii) Contract (11a) with De and substitute for xX’, pi PB in the above. 
Simplification leads to the tensor. 


“Taj 
Digs = 28 Yas — Ypj — (28 - 


(Hig — Yan + (16) 


Differentiating (4c) with respect to x and substituting for the second 
derivatives from (46) we get the tensor, 


Differentiating (4c) with respect to x totally, we get the analogue of the 
Riemann-Christoffel tensor, 


213 
tensor 
ox* B Pe m B 
|| 
get an 
ret the 


214 V. Seetharaman 


Differentiating (4a) with respect to pi, we get, 


= Xr Ua — (Us Us + UR Us) 


UF 
Pp 


— Xj, (19a) 

Substitution for the second derivatives and simplification leads to the tensor 

Trap = + — var 8 — (19) 


Differentiating (18a) ie respect to pi, we get 


= x Us — x4, (UL Us + UZ UD (198) 

Hence we get the tensor 


Also, substitution for X}, from (6a) leads to the tensor 


_ | 
pier = agp (90 3p 
Again differentiating (185) it is seen that 


dp, pi, Ws 
Differentiating (4a) with respect to x* and eliminating the third deriva- 
tive we get the tensor 


Prag = 


is a tensor. (22) 


Differentiation of (4a) with respect to u* totally and a lengthy simplification 
leads to the tensor 


= 
ago = + pi, — Hi, ~ Hey fia 


+ Hye + Yer + Py (Yer Tye) 


— Yar) (24) 


Bape = = Rage Tyag Ave + Ds + (Ricg Roag) 


Ypr - — dg Yee + Yau Yer (23) 


| 


) 
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4 


+ + Ht, Pt, — a8 pi, 
Let us establish the tensorial operators. 
Ti is a tensor by definition if 

Ta = Ti X} U2 
Hence 


Ug X! Ue. 


4 is a tensorial operator (26) 


Differentiating with respect to x’ and eliminating the second derivatives by 
(4b) and (6a) we get that 


and hence we see that iy 


oT; 41 Wa 


d 1 


is a tensorial operator. (27) 


Let us now establish the relation between these tensors. 


War 

= Ta, + (vps 8% — Pp (28) 
Vi Aug = Piag + Py (Vs + Dag, (29) 
D, Aug Cape + Boge (30) 
Prag Pipe Ypr Yom Yar dg Yas + Yin Br) (31) 

spt Rhee — Rigs) — [Dp Da 

[2p Tle — 2a he + Be au Peel. 


Mig: = (Aga Aig) 


where 
) 
r 
)) 
(33) 
(34) 
35) 
( hs 
Te, 
| 
3) 4 58 a 
= 
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where 
is — 
bs 
Tos | Da The (37) 


Hence, we find that the following form a basic set of invariants, eliminat- 
ing as far as possible those dependent upon connection coefficients alone, 
3, Da» Trap? Prag? Rega 
Wee Fi 
pi, Vi pe ajk (38) 


We give below, the results of alternating the three tensorial operators 


D,, and v; taking two at a time. 


Pa) 


=(y;T*) 3g -> ] +7 (39) 
2 
[ape Vi » 
T” 


[Dp Dg — Da Dg] T 
[Prag Preal +T# [dp ap + Ir 


— 2, — Pp] (42) 
VeVi- Vi Ve 


+ Be ty, + Ty Ti, + Ty + Th Ty, 


4 
The + TH, Te, TH, | (43) 


< 
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These results (39-43) taken along with the identities (28-37) confirm 
our result (38). Of the invariants listed ee hey the first six occur in 


Kosambi’s paper cited above, along with 24g at The tensor Qig¢ which 


occurs in Kosambi’s equations of u-variation is given by 
age = Tyas Po Ag — 8 
The remaining invariants of our present basis are displayed here for the 
first time to the best of my knowledge. As the systems of Bortolotti and 
of Kawaguchi differ from that of Kosambi (whose methods we follow here 
as far as possible), there is no point in discussing their results in the light 
of (38-43). 
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EVALUATION OF SPECIFIC HEATS OF METALS By 
THE BORN-FORSTERLING METHOD 
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Received May 8. 1945 
(Communicated by Sir C. V. Raman, KT., F.R.S., N.L.) 


1. INTRODUCTION 


Ir is well known that Born’s theory of lattice vibrations (Born and 
Karman, 1912, 1913; Born and Goppart Mayer, 1933) does not lend 
itself to an exact computation of the specific heats, even in the simplest 
cases of cubic crystals—a fact which for a long time caused it to be 
obscured by the more workable theory given slightly later by P. Debye 
(1912). Born has, however, deduced an approximate formula for the 
atomic heats of the simple crystals, which runs on the same lines as 
Debye’s work, but which unlike the latter, does not ignore the change of 
elastic velocity with direction and with the polarization of the waves, 
This formula has been tested in the case of several ionic crystals by 
Forsterling (1920) who has considered the contribution of the elastic 
spectrum and the optical frequencies to the thermal energy separately. The 
former was calculated by the Born forumla and the latter from empirically 
determined frequencies. The close agreement between these frequencies 
and those observed in the infra-red absorption has generally been taken, 
particularly in the text books (cf. Fowler’s Statistical Mechanics, 1933), 
as an excellent proof of the validity of the Born assumptions. A better test, 
however, is available in the case of the metals crystallising in the cubic system 
where, according to Born, the spectrum is purely elastic. 


In the present paper, the authors have evaluated the specific heats of 
a number of metals belonging to the cubic system by the Born formula and 
have shown that there is no agreement between the observed values and the 
calculated ones. 
2. BORN’s FORMULA FOR C,, 


Born (/.c.) has obtained the following expression from his cyclic postu- 
late for dN, the number of frequencies of one branch lying between the 


wave numbers and : + d(}) in the case of a monatomic cubic lattice. 
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where V is the atomic volume, and dw the element of the solid angle. 


Y Frequencies can be introduced by the assumption that the velocity is 
independent of the wave-length so that 
C 
(2) 
C; being the velocity corresponding to a particular branch (i= 1, 2, 3). 
Working on the lines of Debye’s theory Born assumed that there is a 
constant limiting wave-length given by C; (fy) in all the directions. 
nd If a common velocity is taken for all the directions and for all the three 
nd branches, equation (1) directly leads to Debye’s formula for specific heats. 
est If, however, the velocity is considered as a function of the direction and of 
be the polarisation of the waves we obtain the Born formula 
nye 6; dw 
the C,=R f D (3) 
” 9, is the characteristic temperature corresponding to a particular polarisa- 
es, tion, obtained as a function of direction, and is given by ae A, being 
> the limiting wave-length, assumed constant for each direction. - D is the 
rh usual Debye function for specific heats. Férsterling developed.the equation 
I (3) into the following series, involving the elestic constants, which is 
pe: convergent only at moderate and high temperatures. 
en, C, =3— J.g? + Jsg° (4 
39), R 20T? 560T*  18144T* 633600T®  23063040T»” (4) 
fem \4aV 
pis the density of the crystal, h and k are the usual Planck’s and Boltzmann’s 
; of constants respectively. J, is given by 
and 
the (5) 
where g; = pC?. The elastic wave velocities in a cubic crystal are the roots 
of the following cubic equation : q3 + aq? + 4g +C =0. 
Stu- 
the where a= (Ci; + 2 
e. b= (2 + + — 2 — (Cra + 2 Cyy)] 


(a®B? + + 
c= — {Cy C2, = — 3 (Cag + (Cur — 
+ 2 + Cag 2 — (Cig + Cy)*)} 


. 
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a, B, y being the direction cosines of the direction of propagation and 
C,,, etc., the elastic constants of Voigt. J; involves the sum of the power 
of the roots of the cubic equation which can be easily obtained. The 
integration in (3) can then be carried out with a little labour. 


3. THE EVALUATION OF THE ATOMIC HEATS 


The values of J, for a number of metals obtained from the equation 
(5) are given in Table I and the specific heats evaluated from equation (4) 
in Table II. The last columns of these two give the references to the elastic 
data and to the experimental values of the specific heats resspectively, 
Since the series becomes divergent at low temperatures, no comparison is 
possible in that region. R has been taken equal to 2 cal./gm.mol. in all the 
calculations. It will be seen that the calculated values of the specific heats 
are always much lower than the experimental values, so that it must be held 
that Born’s formula (3) fails to interpret the observed thermal data correctly 


in these cases. 
TABLE I 


Js X10-®° Reference 


Metal Ja X10722 | Jn X 10724 | X10738 | J, X 10748 


Aluminium..} 1-65 1-406 1-455 1-153 10-459 Goens (1933) 

Copper 3+204 5 +228 10-854 24-068 64-10 Goens and Weets (1932) 
Silver 2-074 2-303 3-110 5-150 10-50 R6h! (1933) 

Lead 0-765 0-3444 0-1871 0-08338 | 0-4793 | Lonsdale and Smith (1942) 
Gold 2-742 4-543 10-163 34-70 52-20 R6hl (1933) 

Lithium 0-4188 0-08936 | 0-0204 0-0052 0-001398| Fuchs (1936) 


TABLE II 


Cy Cy 
Calculated | Experimental References 
Aluminium 200 4-55 5-039 Giaque, etc. (1941) A 
300 5-22 5-60 
400 5-53 5-67 (Interpolated) 
Copper 200 4-79 5 +325 Giaque, etc. (1941) A 
300 5-67 
Silver © 100 4-16 4-769 Giaque, etc. (1941) B 
200 5-43 5-65 
Lead 80 5-21 5-573 Giaque, etc. (1941) B 
100 5-46 5-72 
120 5-64 5-79 
Gold ee 105 4-654 5-21 Clusius and Harteck (1928) 
Lithium 200 4-378 4-846 
300 5-146 5-39 Simon and Swain (1935) 


The authors wish to express their thanks to Prof, Sir C. V, Raman, 
Kt., F.R.S., N.L., for his interest in the work, 
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4. SUMMARY 


The specific heats of Aluminium, Copper, Silver, Lead, Gold and 
Lithium have been calculated from their elastic constants, by the use of a 
formula, originally given by Born and developed by Forsterling. No agree- 
ment has been found between the experimental data and the calculated values 
of the specific heats, the latter being always much lower than the former. 
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A TENTATIVE METHOD FOR THE 
DETERMINATION OF MIXED GLYCERIDES 
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GLYCERIDES OBTAINED BY PERMANGANATE 
OXIDATION IN ACETONE 
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We have recently developed a method! for the estimation of GS,U and GSU, 
in natural fats and in continuation of our investigation with the ultimate 
object of perfecting a simple and reliable method applicable to any glyceride 
mixture, we have started a series of investigations. The maximum possible 
proportions of GS,U and GSU, can, of course, be calculated from the 
GS, value and the saturated acid content of the specimen. But it must be 
remembered that these maximum proportions represent only limiting values 
and definite knowledge about the saturated-unsaturated glyceride constituents 
cannot be obtained from these values alone. Several attempts have been 
made to determine the actual proportions of GS,U and GSU, in natural 
fats. Hydrogenation studies with the object of determining GU, did not 
achieve the hoped for reliability as revealed by the more accurate crystal- 
lisation studies.» * Crystallisation studies have not yielded any more detailed 
information than a minimum limiting value of GS,U.“»%7 Fractional 
crystallisation studies of elaidinised fat* is very tedious and also quite 
restricted in its usefulness especially in view of the observation that 
at least in some natural vegetable fats, linoleic acid may be preferentially 
combined in GS,U® and the linoleic glycerides undergo undesirable changes 
under the drastic conditions of elaidination. 


It is well established that when the mixture of acidic products obtained 
in the oxidation of a fat is taken up in ether and washed with sodium 
bicarbonate, only a part of the diazelao-glyceride is extracted along with 
the aliphatic acids and triazelain. Thus after a few washings, it is possible 
to get the mixture of GS,, GS,A and GSA, in a pure condition from which 
by further extraction with bicarbonate, GSA, can be obtained in a pure 
condition. Investigations on some vegetable fats like cocoa butter,” 
mowrah oil,* etc., had indicated the possibility that the saturated acids may 
be distributed in the same proportions in GS,U and GSU, types in many 
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other vegetable fats and oils also. A certain degree of confirmation of this 
argument was revealed during an examination of pure GSA, obtained by 
the oxidation of the oil of Mimusops elangi.1 In order to obtain further 
confirmation we have examined the GS,A-GSA, mixture obtained in the 
oxidation of a number of fats and oils and in every case we obtained 
results substantiating the even distribution. The method we adopted was 
to fractionally extract the mixture of GS,A and GSA, obtained in the 
oxidation with bicarbonate and determine the S.V. (S.E.) of the fractions 
obtained. The S.V. was in every case quite in agreement with the value 
calculated on the basis of even distribution, and this fact as well as the 
constancy of the S.V. for the different fractions established that there was 
no preferential removal of the diazelao-glycerides of lower saturated acids 
by the bicarbonate. We have now proceeded a step further in the same 
direction. We isolated the saturated acids of the GS,A-GSA, mixture and 
also that of the pure GSA, obtained from the mixture by bicarbonate extrac- 
tion. In each case we obtained identically the same acid mixture as proved 
by the melting point and mean molecular weights. 

It must be emphasised that the method developed by us, although 
accurate and simple, is applicable only in the case of those fats where the 
distribution of the saturated acids is the same in both GS,U and GSU, 
and also where the unsaturated acids are all of the type which leave azelaic 
acid residues on oxidation. Mixtures of glycerides can exist which do not 
conform to these two conditions. Hydrogenated fats, which are very 
important from an industrial standpoint, do not have the saturated acids 
distributed in the same ratio in GS,U and GSU,. A number of natural 
fats are known to contain unsaturated acids with the first double bond in 
positions other than the 9: 10-position and consequently not yielding azelaic 
acid residue on oxidation. The following combinations are possible :— 

1. Saturated acid distribution the same in GS,U and GSU, and the 
dibasic acid residue attached to the glycerol molecule (after oxidation) being 
the same in all the molecules. 

2. Saturated acid distribution same in GS,U and GSU,. The dibasic 
acid residue left attached different giving rise to the following: 

(a) Mean molecular weight of dibasic acid same in GS,A and GSAg,. 
(b) Mean molecular weight of dibasic acid different in the two. 

3. Saturated acid distribution different in GS,U and GSU, with the 
same dibasic acid left attached. 

4. Saturated acid distribution and dibasic acid residues different : 

(a) Mean molecular weight of dibasic acid same in both. 
(b) Mean molecular weight of dibasic acid different in both. 
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Of these different types the first is relatively the simplest and fortu- 
nately the great majority of natural fats seem to belong to this group, 
Hydrogenated fats approximate to the third type. 

The azelaic acid generated by the saponification of the azelao-glycerides 
can be quantitatively separated from the higher saturated fatty acids accord- 
ing to Bertram’s method and from the data thus obtained a better insight 
into the complicated question of glyceride structure expected. Let us say 
that ““B” stands for the GS,A-GSA, mixture and “‘C” for GSA,, and the 
following respective symbols for the various values :-— 

B ” ” 

S.V. Ay 

Percentage of saturated acids/100 “ Ss, 

A.V. of acids (saturated) . ha a, 

Percentage of dibasic D, D, 

Mean molecular weights of acids .. ky/ay, ky 

where k, and k, are con- 
stants (the corresponding 
equivalents) 

Acid value of the azelao-glycerides i x; Me 

A.V. of dibasic acids d, d, 


Then the following relationships follow: — 
A, = S,a,+ D,d, 
A, = S.a,+ D,d, 
=4 D,d, 
xX, = 


If S,, Sg; and a;, a, are all determined, then the percentage and the 
mean molecular weight of the dibasic acids can be calculated. Thus for 
D, and d, we have:— 


A, = Dad, 
Det, = As 


+4(A, 


(4A,+4 x 38 
= 1-8,- | any 


Hence d, = A,—S,a,/P. 
Similarly in the other case also. 


* Please see appendix for details of this derivation. 
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If k,/a, is equal to k,/a,, i.e., when the mean molecular weights are 
equal, then the distribution of saturated acids is the same in GS,U and GSU,. 
Similarly if k,/d, is equal to k,/d,, then the distribution of the unsaturated 
acids (with respect to the double bond nearest the carboxyl group) is the 
same in both glyceride types. The simple animal and vegetable fats will 
thus be characterised by the equations 

k,/a,= k,/a, 

k./d, = k,/d,= 188 (M. wt. of azelaic acid). 
If the unsaturated acids contain the first double bond in a position other 
than the 9: 10-position, then k,/d, will not be equal to 188, except in cases 
where a balanced mixture of isomers exist. 

If k,/a, is not equal to k,/a,, then the variation is due to the saturated 
acids in GS,U glyceride type alone and hence the actual proportion of 
GS,A can be calculated as follows :— 

Let us assume that k,/a, is higher than k,/a,. The higher value of k,/a, 
is due to the presence in GS,U (GS,A) of acids of mean molecular weight 
higher than k,/a,. For calculation the increase in mean molecular weight 
is assumed to be due to the presence of a specific acid of a higher mean 
molecular weight and the quantity of this necessary to give the observed 
difference can be easily calculated. This amount is present in “B” as 
GS,A alone and hence the balance weight of GS,A and GSA, and its S.V. 
can be calculated. This portion is distributed as GS,A and GSA,, of 
saturated acids having mean molecular weight k,/a, and the amount of 
GS.A added to the previous value gives the total of GS,A. Similarly when 
k,/a, is lower than k,/a, the difference is assumed to be due to the presence 
of a specific acid of lower mean molecular weight than k,/a, and the calcula- 
tion of the total GS,A is effected exactly as before. 

If on the other hand k,/a, is equal to k,/a, but k,/d, is not equal to 
k,/d, (due to the difference in the distribution of the different unsaturated 
acids in GS,U and GSU,), then the dibasic acids in “‘ B” are to be parti- 
tioned into a mixture of mean molecular weight k,/d, and another one of 
lower or higher value as the case may be. If the nature of the different 
unsaturated acids is known, then this difference can be directly attributed 
to the specific dibasic acid left attached to the glyceryl residue. Moreover, 
in such cases, the different amounts of the different unsaturated acids in 
GS,U, GSU, and GU; can be directly calculated, thus throwing much 
further light on the distribution of the unsaturated acids. 

When k,/a, and k,/d, are different from k,/a, and k,/d, respectively, 
then the distribution will be different both with regard to the saturated and 
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unsaturated acids. In such cases the dibasic acids are first partitioned and 
_ the fraction of mean molecular weight different from k,/d, is combined 
as GS,A, where S is K,/a,. The weight, S.V., etc., of the remainder can 
then be calculated and this then represents the case where k,/d, is equal 
to k,/d, but k,/a, is not equal to k,/a, and hence is partitioned again. Or 
the procedure can be adopted in the reverse way, the saturated acids being 
first partitioned (calculated to be in combination as GS,A where the 
dibasic acid have the mean molecular weight k,/d,) and then the dibasic 
acids partitioned in the resulting mixture. Proceeding in this manner not 
only is the total amount of GS,A obtained, but some more knowledge about 
the distribution of the different acids among the glycerol molecules is 
simultaneously available. 
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In cases where considerable amount of C,, and lower saturated acids 
occur, the quantitative separation of saturated acids is not possible accord- 
ing to Bertram’s method. In such cases, if it is known that the same dibasic 
acid (k,/d, is equal to k./d,) occurs in both GS,A-GSA, mixture and in 
GSA,, then by determining the free acid value carefully and substituting in 
the equation x,= 4D,d,, D, can be determined and from this S,, k,/a, 
etc., can be easily calculated. This leads to a knowledge of the glyceride 
composition. The question as to whether all the unsaturated acids leave 
the same dicarboxylic acid residue on oxidation has to be settled by 
careful analysis of the unsaturated acids obtained by the hydrolysis of the 
oil. In those cases it is not so, appropriate procedures can be worked 
out for the determination of the dibasic acids, saturated acids leading to the 
determination of the glyceride composition. 


REFERENCES 
1. Kartha and Menon . Proc. Ina. Acad. Sci., 1943, A 17, 114. 
2. Hilditch and Jones 1958, 13 T. 
a and Maddison Ibid., 1940, 59, 162. 
4. ——- and Ichaporia Ibid., 1938, 57, 44. 
5. Kartha, Subramanian and Awaiting publication. 
Menon 
6. Hilditch and Murthi . JS§.C. 1, 1939, 58, 310. 
7. Kartha, Subramanian and Unpublished. 
Menon 
8. Hilditch and Gunde . J.S.C.1, 1940, 59, 
9. Kartha and Menon Proc. Ind. Acad. Sci., 144, A 19, 1. 
10. Hilditch and Stamsby « J3§.C. 1, 1936, 55, 95 T. 


— 


Determination of Mixed Glycerides Present in Natural Fats 227 
APPENDIX 


D, is the weight of dibasic acid in one gram of the Di-azelao-glyceride 
mixture and can be obtained by subtracting the combined weights of the 
monobasic acids and the glycerol residue from one gram, i.e., 


1 — [S,+ glycerol residue]. 


Glycerol residue is evaluated from the saponification value of the 
glyceride mixture (A,) and the weight in one gram and acid value of the 
monobasic acids (S, and a, respectively). The acid value is the weight 
of KOH in milligrams required to neutralise one gram of the acid. The 
value obtained by multiplying the acid value with the weight of the mono 
basic acids in one gram of the glyceride mixture (S,a,) will be the weight of 
KOH required to neutralise the whole of the monobasic acids in the mixture. 
This value is proportional to the weight of glyceryl residue combined with 
the monobasic acids. The equivalent of glyceryl residue is 38/3 and so its 
weight will be S,a, x 38/56-11 x 1000 x 3. The dibasic acids are combined 
' with the glyceryl radical so that half the product of the saponification value 
and the weight of the dibasic acids corresponding to this combination will 
be proportional to the weight of glyceryl radical involved in this type of 
combination. This value (D,d.) is obtained by substracting the product 
of the saponification value corresponding to the monobasic acids and its 
weight from that of the saponification value of the mixture, i.e., A, — S,a,/2. 
The weight of the glyceryl radical corresponding to this will be A,— S,a, 
x 38/2'x 56-11 x 1000 x 3. : 


Hence 1 — (S,+ glyceryl residue) becomes 
= 1— S,— [Sgap+ 4(Ag— x 38/3 x 56-11 x 1000).] 
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IN an earlier publication! from this laboratory a tentative method for 
estimating the unsaturated glycerides in fats and oils was suggested. We 
have commenced the systematic examination of a number of oils in order 
to get data concerning the glyceride composition, as such data are required 
in connection with another investigation engaging our attention. 


In the original oxidation method developed by Hilditch and co-workers 
a comparatively large quantity of fat is oxidised. Due to difficulties arising 
from the war, it became absolutely necessary to economise in chemicals 
and so we have developed a method, which we feel does not sacrifice 
accuracy, and in which not more than ten grams of the oil is required to 
carry out the investigation. The amount of saturated acids present has to 
be accurately known and in suitable cases we have now utilised a standard 
method by which this can be accomplished without the usual separation 
and ester fractionation. The material left after determining the saponifica- 
tion equivalent of the azelao-glycerides is utilised to estimate the percentage 
of saturated acids according to Bertram’s method.? 


Mowrah oil has been previously investigated with respect to its com- 
ponent acids by Gill and Shah*; Dhingra, Seth and Speers‘ and by Hilditch 
and Ichaporia.®> Hilditch and Ichaporia made a detailed investigation of 
the component glycerides by the fractional crystallisation technique. 


EXBERIMENTAL 


6-62 grams of the oil was oxidised yielding 3-2412 grams of bicarbonate 
insoluble fraction containing GS;, GS,A, and GSA,. This was saponified 
with KOH and the alkali used up for saponification corresponded to 
33-08 c.c. of 0:5129 N HCl, giving a saponification value of 293-9. 


The GS, content of the oil was 1% corresponding to an S.V. of 
197-7 based on the ratio of the saturated acids. 
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]. Determination of Saturated Acid Content 


9-45 grams of the oil was oxidised, the manganese dioxide eliminated 
by the bisulphite method, the acidic portions and neutral product taken up 
in ether, dried, ether removed and the residue hydrolysed. The free acids 
obtained was subjected to Bertram’s separation. In the acetone permanga- 
nate oxidation method carried out at the boiling point of acetone, no 
hydroxy acids are formed, as the intermediate oxidation products are broken 
up by further oxidation,* a condition which does not always prevail when 
unsaturated acids are oxidised by alkaline permanganate. Consequently the 
Bertram separation can be carried out. 


3-866 grams of saturated acids (completely free from oxidation pro- 
ducts) having an iodine value of 1-7 was obtained. 3-3743 grams of the 
acids used 24-25c.c. of 0-5129N KOH giving an acid value of 206-9; 
corrseponding to a molecular weight of 271-2. 


For purposes of calculation C,, and lower acids have been taken as 
palmitic acid and C,, and higher acids as stearic acid. The mean molecular 
weight of 271-2 has to be corrected for. an I.V. of 1-7. This iodine 
value would correspond to 100 x 1-7/90 or 1:9% of oleic acid (90 being 
the IV. of oleic acid). That is, the mixed acids obtained contain 1-9% 
of unsaturated acids calculated as oleic acid and 98-1% of saturated acids. 


The corrected mean molecular weight would be according to the equation 
271-2 x 100 = (282 x 1-9)+ (“a™ x 98-1), 


where “a” is the correct mean molecular weight and 282 that of oleic acid. 
The correct value (value of “‘a”’) is 271. 


The next step is to arrive at the proportion of “‘ C,,”’ and “‘ C,,”’ acids 
in the oil. The difference between the corrected mean molecular weight 
and the molecular weight of palmitic acid is 15. The difference between the 
molecular weights of stearic and palmitic acids is 28. Percentage of 
saturated acids is (90— 1-7) x 3-866/90 x 9-45 or 40-15. The percentage 
content of C,, acid is 40-15'k 15/28 or 21:5, and of C,, acid is 18-65. 


II. Calculation of Unsaturated Acid Content 


Assuming that only oleic and linoleic acids are present, the unsaturated 
acid content is calculated as follows :— 


The weight of saturated acids in combination as glycerides is 40-15 
X (271-0 x 3-++ 38)/(271 x 3) or 42-0. The iodine value of the oil is 60-4 
and the iodine value of the unsaturated glycerides is (60-4/100— 42) x 100 


or 104-1. The iodine value of triolein is 86-2 and of trilinolein is 173-6. 
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Hence the percentage of trilinolein is (104-1 — 86-2) x 58/(173-6— 86-2) or 
11-9. That of triolein there is 58-0— 11-9 or 46-1. These figures indicate 
that approximately one part of linoleic acid to two parts of oleic acid exist 
in combination giving a mean molecular weight of 281-3. Hence the 
percentage of unsaturated acids is (281-3 x 3/281-3 x 3+ 38)x 58 or 
55-47. Consequently the percentage of oleic acid will be 282 x 3x 46:] 
/(282 x 3)+ 38 or 44-1. Similarly that of linoleic acid will be 11-4. 


It would be profitable at this stage to compare our calculated figures 
with the experimental results obtained by previous workers** and since 
the figures in the literature are based on total acids whereas our figures are 
based on oil, our figures have first to be converted into those corresponding 
to total acids. This can be accomplished by making use of the Hehner 
value, 95-7, i.e., multiply the percentages obtained on the basis of the oil 
by the fraction 100/95-7. 


Weight percentages of acids 


Ours Literatur 
Stearic acid 22-5 (a) 2-0 27-5 (c) 
Palmitic acid 19-5 fe} 27-5 (4) 17+4 (c) 
Oleic acid 46-1 41-0 (6) 44-6 43-3 
Linoleic acid 11-9 (a) 13-6 (6) (c) 13-7 


Two of the workers have reported myristic acid also, and it must be 
stated that any comparison is subject to the inevitable variations from 
sample to sample. The above composition by weight corresponds to Stearic 
22, Palmitic 20-9, Oleic 45-3 and Linoleic acid 11-8 by molecules. 


Ill. Calculation of Glyceride Composition 


The molecular percentages of saturated and unsaturated acids are in the 
ratio 42-9 to 57-1. The glyceride composition can now be calculated. 
S.V. for GS,A is 292-2 and for GSA, 409-6. These figures are based on the 
observation that the ratio of the saturated acids is the same in the two 
types. After correction for 1% of GS, present in the oil, the S.V. of the 
mixture of GS,A and GSA, is:— 

6-62 grams of the oil yielded 3-24 grams of the mixture of the two 
azelao-glycerides and the tri-saturated glyceride. Since this contains the 
whole of the GS, of S.V. 197-7, we arrive at the following ratio, where 
is the S.V. of the mixture of the azelao-glycerides : 


293-9 x 100= (2x 197-7)+ (98x “b”). 
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The value of “b” is 295-9. The weight of GS,A in the mixture is 


3-2412 x 98 x (409-6— 295-9) 
(409-6— «3-068. 


The weight of GS,U corresponding to this is 
3-068 x (271 x 2)+ 282+ 38/(271 x 2)+ 188+ 38 or 3-443. 


The percentage by weight of GS,U will be 3-443 x 100/6-62 or 52-12 
which on conversion into mols-percentage will be 52:5. 


The molecular percentage of saturated acids has been found to be 
(vide supra) 42-9, that of GS,U 52-5 and GS, 1-0. Hence the percentage 
of GSU, will be [(42-9— 1-0)— (52-5 x 2/3)] x 3 or 20-7. 


DISCUSSION 


It may be of interest to review briefly the work by others on the 
estimation of the glyceride composition of mowrah oil. Hilditch and 
Ichaporia (loc. cit.) reported GS, 1-2, GS,U 27-8, GSU, 71-0 and GU; nil. 
Since these values are evolved from their tri-C,, estimation and component 
acids, it is not very safe to place absolute reliance on the figures.? An 
estimate of the maximum and minimum amounts of tri-C,,-glycerides can be 
made from our results. The minimum value is obtained by considering 
that the GSU is composed of palmito-stearo-oleins wherein the maximum 
of both palmitic and stearic acids are used up. The maximum value is 
obtained when GS,U is composed of either dipalmito- or distearo-oleins. 


The molecular percentage of stearo-dioleins in GSU, is arrived as 
follows:—The molecular percentage of stearic acid in the oil is 22, and 
42-9 is the molecular percentage of staurated acids. Hence 22/42-9 of the 
total saturated acids in GSU, will be stearic acid. Consequently 20-7 
x 22/42-9 will be stearo-dioleins and 52-5 x 22/42-9 will be distearo-oleins 
(in GS,U when we consider the maximum value). When we consider the 
minimum value the figure 52-5. 1-1/42-9 is obtained (1-1 is obtained by 
subtracting the mol. % of palmitic from that of stearic). The minimum 
value is 37-8 and the maximum value 63-2. The exact value can be made 
only by the fractional crystallisation of the azelaoglycerides and this is 
engaging our attention. 


Hilditch and Meara’s method?® for calculating the glyceride composition 
has been applied to the case in hand with the following results :— 


1 


232 A. R. Sukumaran Kartha and others 


GS GS,U | GSU, | GU, 
Found experimentally (our result) sd 1-0 52°5 20-7 | 25-8 
Based on even distribution 28-8 71-2 0 
distributed 27-8 0 45-3 | 26.9 
Cy, distributed | 26-9 0 48-0 25-1 
Linoleic distributed sf 31-5 | 17-1 51-4 
Oleic distributed 0 27-9 21-6 
Linoleic between others and then the excess of oleic 
over linoleo-diolein between stearic and palmitic -| 0 47-0 34:7 3 


Without entering into the merits of the different methods of distribution 
it is noteworthy that our experimental values and the values obtained as per 
the last but one method of distribution show an _ encouragingly close 
agreement. 
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1. INTRODUCTION 


Tue passage of light through a cloud of diffracting particles distributed in 
space results in a group of phenomena of great interest in optics. There 
are numerous factors which may be varied, viz., the sizes and shapes of 
the particles, their optical properties, their number and finally also their 
orientation and distribution in space. All these factors naturally influence 
the observed results. Some remarks may be made here, concerning the 
factor, which plays a dominating role in the phenomena, viz., the manner, 
in which the diffracting particles are assembled in space. Assuming the 
particles to occupy fixed positions, it is evident that the diffracted radiations 
from the individual particles observed in any specified direction would have 
definite phase relations with each other. Hence, the effects of the various 
particles should be capable of interfering, and finally, the observed result 
would be determined by these interferences, and hence also by the 
distribution of the particles in space which fixes these phase relations. 
In this connection attention may be drawn to the remarkable result which 
has been recently proved (G. N. Ramachandran, 1943), that in all cases 
light diffracted by a cloud of particles when brought to a focus by a lens, 
gives sharply defined images of the original source of light, the only 
difference between the extreme cases of a random distribution and of 
a regularly ordered arrangement of the particles being, the number, intensity, 
and distribution in the focal plane of such images. 


In studying the effect of the distribution in space of the particles, on the 
diffraction effects produced by them, it is evidently desirable that the particles 
are all of precisely the same shape and size, so that it is possible to vary their 
distribution from one, in which the particles are sparsely and randomly 
distributed over all the intermediate stages, right upto a regular close- 
packed ordering of the particles. That notable changes in the optical effects 
result from the differences in distribution may be illustrated by comparing 
the photographs of corone produced by the water droplets in a cloud chamber 
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(Mitra, 1928), with the system of discrete haloes observed with a homo- 
geneous chromatic emulsion in which the liquid droplets are closely packed 
together (Sogani, 1928). 


The present investigation was undertaken to study the changes in 
diffraction patterns due to a group of particles distributed in two 
dimensions when the distribution of the particles is continuously varied. 
Preliminary trials with the spores of lycopodium strewn on a glass 
plate as commonly used for observing corone, showed that they are not 
suitable for the purpose, since the spores are neither spherical nor 
of uniform size, and moreover their distribution on the plate could not be 
suitably controlled. Trials with plant seeds of various origins also proved 
unsuccessful. Finally it was decided to try a great number of small 
opaque disks punched out of a thin sheet of copper. This technique 
proved remarkably successful, as will be seen from the photographs 
accompanying this paper. A striking variety of optical effects are observed 
with assemblages of such disks depending on their distribution on the 
plate. These effects not only form an excellent illustration of optical 
theory, but also furnish striking analogies with various well-known X-ray 
and electron diffraction effects. 


2. TECHNIQUE OF MAKING CIRCULAR DISKs 


Hundreds of circular disks were punched out of a suitably annealed 
copper sheet about one-tenth of a millimeter thick, by means of a punch 
specially made for the purpose, from a piece of steel wire. To facilitate 
punching the copper sheet was placed on a thick rubber sheet as support 
and on account of this the disks got slightly ‘ bowl’ shaped. However, the 
bowl shape proved to be an advantage rather than otherwise. Firstly, the 
bowl shape facilitated distribution of the disks on the plate without 
overlapping and secondly each disk presented only a smooth, and circular 
boundary to the incident beam of light. The disks obtained by the above 
technique were quite small (0-56 mm. to 0-57mm. in diameter) and varied 
little in size. 

3. EXPERIMENTAL ARRANGEMENTS 


The filament of a 100-watt incandescent lamp was focussed by means 
of a lens on to a fine pin-hole. Light from this was turned vertically 
upwards by a right-angled prism and after passing through the glass plate 
over which the disks were distributed, was made horizontal again by 
a second right-angled prism. It was then condensed by a lens of large 
focal length (an ophthalmic lens of ome metre focal length served well) and 
after it traversed a long light tight box was brought to focus at its other 
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end on a photographic plate, the total distance from pin-hole to plate 
being a little over four metres. 


In order to vary the distribution of the disks, the edge of the glass 
plate holding them was ‘bowed’ with the edge of another glass plate. 
The vibrations thus produced in the plate caused the distribution to be 
altered in a variety of ways. The diffraction patterns were photographed 
on Ilford HP3 plates, satisfactory results being obtained with exposures of 
about half a minute. A red filter transmitting a band of SOO A.U. with 
a mean wave-length of 6320 A.U. was used for obtaining roughly mono- 
chromatic light. The distribution corresponding to each diffraction pattern 
was photographed with a separate arrangement, by means of a copying 
camera, care having been taken, that the distribution was not disturbed 
during transit. This was checked by putting back the plate with the disks 
in its position and observing the diffraction pattern with a lens and 
comparing it with the one photographed. In Figs. 1 and 2, Plate XIV and 
Fig. 3, Plate XV, photographs taken in monochromatic light of twelve typical 
diffraction patterns are reproduced alongside of those of the corresponding 
distributions. Some typical diffraction patterns photographed in white 
light are reproduced in Fig. 4, Plate XV. The photographs in Fig. 4, (a) to 
(f) correspond to Fig. 1 (a) and (d), Fig. 2 (b), Fig. 3 (c) and (6), and 
Fig. 2 (d) respectively. 


4. DISCUSSION OF RESULTS 


A prominent feature of the diffraction patterns observed in all cases 
with monochromatic light is their spotty or mottled appearance, analogous 
to that observed in coron# obtained with a glass plate dusted with 
lycopodium spores. As has been shown by Ramachandran (loc. vit.), the 
spots which constitute the mottled structure are actually images of the 
primary source. In white light each spot would spread out into a 
spectrum giving rise to radial streaks in the pattern. A comparison of the 
photographs in Fig. 4 taken with white light, with the corresponding ones 
in monochromatic light confirms the explanation given by Ramachandran 
as to the origin of the mottled structure obtained in monochromatic light 
and the streaks in white light. Observed visually, the white light patterns 
presented an exquisitely coloured and beautiful appearance. 


Fi,. 1 shows the sequence of changes the diffraction pattern undergoes, 
when the disks are more and more densely packed. When the disks are 
scattered loosely in a chaotic manner, as in Fig. 1 (a), the diffraction pattern 
consists of a central bright disk surrounded by alternate dark and bright 
rings. In Fig. 1 (6), with a closer packing of the disks, a small, dark region 
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has developed at the centre of the pattern. As the packing of the disks 
is made increasingly dense, the dark region at the centre deepens and 
extends in area, the ring system also getting sharper and sharper, 
Ultimately, when the disks are very closely packed the pattern consists of 
sharp concentric haloes separated from the image of the primary source 
by a dark circular disk. 


The distribution of the disks in Fig. 1 (d), although showing dense or 
close packing does not strictly represent what is called close hexagonal 
packing in the geometric sense. A geometrical close packing is shown in 
Fig. 2(d). As it was not possible to obtain a group so perfectly ordered 
and of the size used in previous cases a smaller stop was used to exclude 
unwanted regions. As should be expected, the diffraction pattern consisting 
of rings as in Fig. 1 (d), has completely disappeared and is replaced by 
an array of sharp spots, hexagonally arranged. As compared to the 
distribution in Fig. 2 (@) that in Fig. 1 (@) may be described as ‘ average 
close-packed ’. 


The successive changes produced in the diffraction pattern as the distri- 
bution of the disks is varied from ‘ average close-packed’ to ‘ geometrically 
close-packed ’ are represented in Fig. 2. An examination of the distribution 
in Fig. 2 (a) shows that the disks have arranged themselves into a number 
of hexagonal groups oriented in different ways. The diffraction pattern 
in this case instead of showing continuous rings shows concentrations of 
intensity in symmetrically situated regions. This is particularly observed 
with the first and second ring where the continuity of the rings is broken 
by six symmetrically situated dark spaces. These localisations of intensity 
are easily understood, if it is recognised that the hexagonal groups are 
sufficiently large so that their effects can be considered independently. 
Each group gives rise to a system of hexagonally arranged spots and the 
whole pattern is the result of superposition of the spots due to various 
groups. The lack of illumination in certain regions on the rings, must 
obviously be due to the absence of hexagonal groups oriented in directions 
representing these dark regions. The correctness of our qualitative explana- 
tion on the basis of hexagonal groups will be confirmed by a reference to 
Fig. 3 (b) or (c) where the diffraction pattern is produced by two hexagonal 
groups inclined to each other. 


The distribution in Fig. 2 (5) shows a greater alignment of the hexa- 
gonal groups in a preferred direction and consequently the bright arcs in 
the diffraction rings have contracted. Actual measurements of the pattern 
and the corresponding distribution in Fig. 2 (6) show that the angle within 
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which the orientations of the hexagonal groups are distributed is the same 
as that subtended by the bright arcs at the centre of the pattern, thus 
lending support to our explanation. The lengths of the intensity maxima, 
may therefore be taken as a measure of the alignment of the hexagonal 
groups. This alignment is considerable in the distribution of Fig. 2 (c) as 
indicated by the fact that the arcs have now been reduced to large spots. In 
Fig. 2 (d), the alignment is perfect and consequently the pattern consists of 
an array of sharp spots. 


Fig. 3 (a) shows the pattern obtained with seven or eight hexagonal 
groups. The pattern consists of several arrays of hexagonally arranged 
spots superposed on one another, and is self-explanatory. 


Figs. 3(b) and (c) show the patterns produced by two hexagonal 
groups inclined to each other, the angle of inclination being nearly 30° in 
Fig. 3 (b) and exactly 30° in Fig. 3(c). This is evident from the manner 
in which the spots are arranged in the patterns. It is interesting to observe 
the great change which the general appearance of the pattern undergoes 
with a change of only a few degrees in the orientation of the groups. 
A smaller stop was used in the case of Fig. 3 (c) for reasons already given 
in connection with Fig. 2 (d). 


The diffraction pattern in Fig. 3 (d) was obtained by a distribution con- 
sisting of both hexagonally close-packed, and loosely scattered disks. As 
should be expected, the pattern shows spots as well as rings. 


5. OPTICAL ANALOGIES FOR X-RAY AND ELECTRON 
DIFFRACTION PATTERNS 


The diffraction patterns in monochromatic light, reproduced in Figs. 1, 
2 and 3 provide interesting optical analogies for X-ray and electron diffraction 
pattern of matter in various states of aggregation. 


For instance, the diffraction pattern in Fig. J (a), obtained with a loose 
and random distribution of the disks is analogous to the X-ray diffraction 
pattern of a monatomic gas, as for example argon, a central maximum 
and a rapid fall of intensity on passing outwards being a common feature 
in the two cases. However, the analogy is only formal, for there are various 
Points of difference in the two cases. The molecules of a gas, although at 
any instant are Joosely and randomly distributed are actually in constant 
motion unlike the disks in the optical case. On account of this, and the 
incomparably larger number of molecules in a gas which intercept the 


X-ray beam, the X-ray pattern never shows the mottled structure observed - 


in the optical diffraction pattern. Moreover, the molecules are not compact 
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spheres with circular boundaries like the disks and are distributed in three 
dimensions instead of two, as in the optical analogue. 


The diffraction pattern in Fig. 1 (b) may be considered as analogous 
to the X-rav diffraction pattern of a dense monatomic vapour, the closer 


packing of the disks representing the closer packing of the molecules of the 
vapour. 


An analogy to the X-ray diffraction pattern of a monatomic liquid, for 
example, liquid argon, or mercury, is furnished by the diffraction pattern 
in Fig. 1(c) produced by a dense aggregation of disks, the bright rivg 
surrounding the dark space at the centre, being strongly reminiscent of 
the halo given by a liquid with monochromatic X-rays.* 


An examination of the distribution in Fig. 1 (d) shows that it consists 
of small hexagonal groups oriented at random and _ therefore the 
diffraction pattern in this case is analogous to the X-ray or electron 
diffraction pattern of a crystal powder consisting of very fine crystal bits, 
When the crystal grains are large the diffraction pattern shows peppering 
of spots along the rings, due to the fact that there are not enough crystal 
grains to give a purely random orientation. The optical diffraction pattern 
in Fig. 3(a) serves a very good analogy to such an X-ray or electron 
diffraction pattern. 


The distribution in Fig. 2 (d) represents a crystal in two dimensions and 
the corresponding diffraction pattern is analogous in certain respects 
to the X-ray or the electron diffraction pattern of a single crystal. 


It is well known that the X-ray diffraction pattern of a rolled metal sheet, 
instead of showing continuous rings, shows concentrations of intensity in 
symmetrically situated regions of the rings. This is due to the preferred 
orientation of crystal grains caused by the process of rolling, the intensity 
maxima being the shorter the greater the amount of preferred orientation. 
The diffraction patterns in Fig. 2 bear an obvious analogy to the X-ray 
diffraction pattern of a metal sheet in various stages of rolling the corres- 
ponding distributions representing progressive preferred orientation of its 
crystal grains. The analogy is equally applicable to electron diffraction 
patterns of thin metal foils. 


* An optical analogy to a liquid X-ray pattern was first suggested by Sir C. V. Raman in 
the case of a glass plate with a deposit of lenses of ammonium chloride on it, in the course of 
his ‘ Annual Report’ to the Indian Association for the Cultivation of Science in 1928. C.M. 
Sogani obtained a similar analogy with homogeneous chromatic emulsions. Later Prins (1931) 
obtained optical analogies for X-ray diffraction patterns of a solution of varying concentration 
with the use af seeds scattered in various degrees of packing. 
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The various analogies mentioned above are, however, qualitative and 
should not be unduly pressed. It has to be remarked in particular that 
in our present case, we are dealing with a two-dimensional distribution 
of diffracting particles and not a three-dimensional one. 


My best thanks are due to Sir C. V. Raman for suggesting the problem 
and kind interest in the course of this investigation. 


SUMMARY 


The Fraunhofer diffraction pattern of an assembly of artificially 
prepared small opaque circular disks of identical size is investigated 
experimentally. It is found that as the distribution of the disks is altered 
the diffraction pattern undergoes a series of interesting changes. These 
changes are discussed with reference to the corresponding distributions. 
Striking optical analogies are presented to various well-known X-ray and 
electron diffraction effects. Twelve photographs of the diffraction patterns 
taken in monochromatic light and six in white light are reproduced 
alongside of the corresponding distributions. 
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] RECENTLY gave* a scheme of equations for describing the behaviour of the 
élementary particles, different from that given by Dirac (1936) and developed 
by Fierz (1939) and Pauli (1939). The scheme is based on the postulate 
that the description of any elementary particle shall be provided by a first 
onder wave equation, of the form 


pp + xp =O (1) 
without any further auxiliary conditions, and that all physical and mathe- 
matical properties of the particle shall be derivable from (1). The operators 
p, stand for id/dx*, the a* are four matrices giving the spin properties of 
the particle and X is a constant connected with the various values of the 
mass of the particle. # and c are put equal to unity in this paper. It has 
been shown in A that, with the assumption that the a’s themselves in their 
six antisymmetric combinations (a*a’— a’a*) shall define the way the wave 
function transforms under any transformation of the Lorentz group, the 
problem of finding all irreducible equations of the form (1) can be connected 
with that of finding all irreducible representations of the Lorentz group 
in five dimensions, the solution of which is already known. Alll irreducible 
tepresentations of the a’s in (1) satisfying the general postulate have been 
specified in B, and the general structure of the spin matrices analysed. In 
fact, the nucleus of every irreducible representation of the Lorentz group 
in five dimensions provides one irreducible set of a’s in (1). Now every 
irreducible representation R; (m, n’) of the five dimensional Lorentz group 
is characterized by two numbers 2 > 7’ > 0 both of which are integers, or 
both half odd integers. The former give the tensor, the latter the spinor 
fepresentations. It was shown in B that this representation describes a 
particle of maximum spin n, irrespective of the value of n’. It was further 
shown that for a particle of maximum spin ” there are n+ 1 different inequi- 
valent equations if » is an integer, and n+ 4 if n is half an odd integer. 


i? Current Science, 1948, 14, 89-90, referred to in this paper as A. The full paper on the 
Subject will appear in the number of the Reviews of Modern Physics which is being brought out 
iN celebration of Prof. N. Bohr’s sixtieth birthday. It will be referred to here as B. 
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The different equations for the same value of nm describe particles with 
different physical properties, as will be shown in this paper. It was also 
proved in A and B that a particle of spin m must appear with n different 
values of the rest mass, if m is an integer and n+ 4 values if is half an odd 
integer, the higher values of the rest mass being simple rational multiples of 
the lowest value. For each value of the rest mass there exists an ‘ antiparticle’ 
of the same mass but opposite charge, exactly as in Dirac’s theory of the 
electron. 


The purpose of this paper is to supplement the work of B by providing 
the expression for the charge-current density tensor, the Lagrange function 
and the energy momentum tensor. It will be shown with the help of these 
that for particles of half odd integral spin, for every state of positive energy 
and a given value of the mass there is another state of negative energy and the 
opposite value of the mass, the value of the total charge and current in both 
states being the same. It is therefore possible to give a physically sersible 
theory only by quantising the equations for particles of half odd integral 
spin in accordance with the Fermi-Dirac statistics. For particles of integral 
spin, on the other hand, for every state of positive energy and a given value of 
the rest mass, there is a state of the particle having the opposite value of the 


rest mass in which its energy has the same positive value, but the total charge 
and current an opposite value. Particles of integral spin can therefore be 
quantized in accordance with the Einstein-Bose statistics. Thus the connec- 
tion between the nature of the statistics and the integral or half odd integral 
value of the spin, which was a satisfactory feature established by Fierz 
(1939) and Pauli (1940) for the equations of Dirac also exists in the present 
scheme of equations. 


In § 4 of this paper the non-relativistic approximation of the equations 
is studied in greater detail. The difference in physical properties of particles 
described by the different equations having the same value n of the 
maximum spin but different values of n’ is strikingly manifest in the 
non-relativistic approximation. Thus, in the state of lowest rest mass the 
particle behaves in non-relativistic approximation exactly like a particle of 
spin A <x where A is different for the different equations. In the states of 
higher rest mass the particle can exist in general with more than one value 
of the spin. But in every case the maximum value of the spin never exceeds 
n. Thus, for example, there are only two possible equations for a particle 
of maximum spin 3, namely those given in B and described by the nuclei 
of the representations R; (g, $) and R, (%, 4). It will be shown in § 4 and5 
that in the former case the particle behaves in non-relativistic approximation 
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in its state of lowest mass exactly like a particle of spin 3, while in the latter 
case it behaves like a particle of spin 4. In the state of higher rest mass the 
particle can behave as if it had a spin 3 or 4 in both cases. 


The circumstance we have just described opens up the possibility that 
the equation given by the representation R; (, 4) may describe the behaviour 
of the proton. There is nothing in the experimental evidence so far at our 
disposal to exclude this possibility. All direct and indirect evidence of the 
spin of the proton has been obtained in conditions where only its non-rela- 
tivistic behaviour in the state of lowest rest mass plays a role. Moreover, 
a particle of spin $ has in our scheme only one other value of the rest 
mass and this is three times its lowest value. Orly in cosmic ray pheno- 
mena is there enough energy to throw a proton into this state, and the 
chances of its observation even then would be very small because of its very , 
short life time. However, the behaviour of the proton would certainly be 
very different from that given by the Dirac equation in the relativistic region. 


Other equations for the proton in all of which it would behave 
non-relativistically like a particle possessing a spin half in its lowest mass 
state are possible if we allow larger values of its maximum spin n (n being 
half an odd integer). There is one such equation for each half odd integral 
value of n, and it is shown in § 5, that it is characterised by the nucleus 
of the representation R;(m, 4). The number of differert values for the 
rest mass would then be n+ 4 and the ratio of the second lowest to the 
lowest value of the mass would be n/(n— 1). Thus, a very large value of n 
is excluded because it would bring the theory into conflict with observation. 


However, although the non-relativistic behaviour in the state of lowest 
mass is the same the behaviour of the proton in the relativistic region 
would be different in each case. We might expect the differences to 
manifest themselves in cosmic radiation where it is believed that high 
energy primary protons are responsible for creating the mesons of the 
hard component by a process analogous to the emission of radiation. 


An analogous situation to the one we have described above exists also 
for particles of integral spin. Equations can be found which give the 
particle non-relativistically in its state of lowest rest mass any spin that we 
may desire, while the maximum spin of the particles may be greater than this. 


§ 2. THE LAGRANGIAN FORMULATION—CURRENT AND ENERGY TENSORS 


As in B small latin indices run from 0 to 3, while capital latin indices 
tun from 0 to 4. The metric tensor g*" is defined by g®°=— gl!=— g2? 


=~ gS — — |, — for Now, consider the ten infinitesimal 


| 
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transformations IF" of the nucleus of an irreducible representation of the 
Lorentz group in five dimensions. They satisfy the equations 
(T=, PN} = JRL — g*™ [EN -+- g™ +. giM [KN gi [k™ (2) 
and 
thy (T [MN T-5, (3) 
where t*,, are the real coefficients giving a transformation ¢ of the Lorentz 
group in five dimensions and T the matrix representing this transformation 
in the representation given by the I’s. Writing 
a! = TM (4) 

it follows that 

a’ = t*,(Ta’ T-) (5) 
for any transformation ¢ of the Lérentz group in four dimensions which 
leaves the axis 4 unchanged. Thus the insertion of (4) into (1) gives a 
possible irreducible wave equation for an elementary particle, as has been 
pointed out in A. 


It follows from (2) and (4) that the a’s satisfy the commutation 


relations 
[a »@ ]= (6) 


[a*, fa’, = ga” — g*™ a’. (1) 


It was shown in A that as a result (2) or (7) all the I’s and a’s multiplied 
in some cases by i have the same eigenvalues and satisfy the same charac- 


teristic equation 
{X?— n*} {X?— (n— 1)} 2)3---- =0, (8) 


where n is either an integer or half an odd integer and the last factor is 
X or {X?— 4} respectively. This is the equation of lowest degree which all 
the matrices satisfy. Any particular eigenvalue may however occur several 
times depending on the representation concerned. 


Now the Lérentz group is not compact and it is therefore convenient 
to use the properties of the real orthogonal group and then return back 
to the Lorentz group by what Weyl (1939) has called the unitarian trick. 
Whenever quantities refer to the real orthogonal group we denote the fact 
by a ~ over the letter. Since the transition from the Lérentz to the real 
orthogonal group takes place by changing the value of g® from 1 to —1 
it merely involves the multiplication of all tensors having the index 0 by i 
and the replacing of orthogonal rotations of the Ok axes by hyperbolic 


rotations. 


. * tr, 


h 
fe 
b 
al 
is 
(S 
th 
di 
id = 4 


Relativistic Wave Equations for the Proton 245 


Consider the five-dimensional real orthogonal group. The association 


t>(T-)t wheret denotes the Hermitian conjugate of a matrix, gives 
another irreducible representation of the group. The character or spur of 


the matrix (T-)t is the same as that of T since the character of the latter 
is (of. B) 

where m, and m, are both integers or both half odd integers and @, and 6, 


two real parameters which define the class to which the element T belongs. 
The sum inside curly brackets is over all permutations and changes of 
sign of @, and @. The second sum is over different values of m, and m, 
and does not concern us here. Hence a fixed matrix R must exist such that 


R(T) (10) 
for all transformations of the group. Consider a transformation in (10) 
characterised by a real parameter @ such that 6=0 is the identity and 
T(— 9) the reciprocal of T(9). Differentiating the equation with respect 
to we get 

-- Ri, R-l= ig, (11) 
where I, is the infinitesimal transformation corresponding to the parameter 


f, (11) holds for all the [X“, Now the orthogonal group is compact and 
hence every representation of it can be brought into the unitary form so 


that tT. T-'. In this particular representation (11) simplifies to 
Remembering (4) and returning to the Lorentz group we get the result that 


for every irreducible representation of the a’s in (1) they can always be 
brought by a suitable transformation to satisfy 


at = — a? k= (12) 
We now maintain that a matrix D such that : 
Da®= a°D, Da*=-— k=1, 2,3 (13) 


always exists. For among the transformations of the full Lérentz group 
is one d which reverses the sign of the three axes 1, 2, 3. It follows from 
(5) that its representative D must satisfy (13). To find D explicitly we note 
that the transformation which reverses the sign of all five axes of the five- 
dimensional orthogonal group commutes with all transformations of the _ 
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group and is hence represented always by a multiple of the unit matrix. 
D is therefore just a multiple of the representative of the transformation 
which reverses the directions of the 04 axes. The latter can be obtained 
merely by a rotation in the 04 plane through the angle z. Hence 
im 7% ina? 

D= const. e == const. e (14) 
where the exponential of a matrix is defined by the equivalent power series, 


Since a® satisfies the characteristic equation (8) for a particle of spin n, 
the matrix D can at once be expressed as a polynomial of degree 2 n in a®, 
The transformation d satisfies d?= 1 so that its representative must satisfy 
D?=-+ 1 the minus sign holding for the two valued spinor representations, 
When the representation is in unitary form, it follows that Dt= D-'= +D 
so that by a suitable adjustment of the constant in (14) we can always have 

Dit=D (15) 
in the representation in which (12) is fulfilled. 

Now taking the Hermitian conjugate of equation (1) and using (12) 
we get 

< 
Pe — a'p, a*p,— apy + x}= 0 
where p; operating backwards on yt denotes as usual — i)/)x*. Multiplying 
from the right by D and using (13) we get 


+ xi = 0. (16) 
Subtracting (16) from (15) we get as usual 


=0 


showing that #stDa* behaves like a vector and is conserved. We should 
expect from this that ¥tpy is an invariant. Since y% transforms under a 
Lorentz transformation to Ty and ¥t to ITT we should expect D to 
transform according to 
TIDT= D. (17) 
This can be proved directly as follows: The set of equations (13) is in fact 
a particular case of (5) and can be written 
= d*, Da’ (18) 


The Hermitian conjugate of (5) is 

att — ¢*,(T-1)t a’t TT. 
Noting that (12) can also be written in the form a*! = d*, a! we get 
at = d’, Tt 
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showing that the matrix (T-})' is the representative of the transformation 
did. The representative of the transformation dt-1ddt must therefore be 
T'IDT. But this transformation is just d since d?=1 and must have the 
representative D by (8). Hence (17) follows. ‘py is therefore in fact 
invariant for all transformations of the Lérentz group. We may call D 
the metric operator. 


The function 
L= + x] (19) 

is therefore an invariant for all transformations of the Lorentz group and 
can be used as the Lagrange function of our theory. Interaction with an 
electromagnetic field can be introduced as for the electron by replacing the 

by, 
where A, are the electromagnetic potentials and e a constant denoting the 
charge. This is equivalent to replacing pg by 7, in (1) and (16). No 
inconsistency can be introduced in the equations by this procedure since 
they are derived from a Lagrange function. This cannot be done for the 
equations given by Dirac without leading to contradictions. As shown by 
Fier2 and Pauli (1939), interaction can only be introduced consistently by 
a cumbersome procedure requiring the use of subsidiary spinors. The 
variation of the Lagrange function with respect to the electromagnetic 
potentials gives as usual the charge current vector 


which we have already shown to be conserved. 


For a particle of spin 4 equation (8) reduces to (a°)?= 4 and D given 
by (14) becomes a multiple of {cos 5+ iaYsin 5}. i.e., justa multiple of 


a°, as is well known. For particles of spin 1 we have for (8) (a®)’= a® and 
D reduces to a multiple of {1+ a® sin 7+ (a°)’ (cos z— 1)}== 1— 2 (a%)?, 
which is just the expression found by Kemmer (1939). For a particle of 
spin 3 which will be considered in more detail below, (8) reduces to 
§ (a°)?+ = 0, an equation which was first given for this particular 
case by Madhava Rao (1942), and D given by (14) becomes $ {7a°— 4 (a®)3}, 
Our investigations therefore show the metric operator D in a new light 
and allow a general expression to be given for it valid for all spins. 


Now consider the action integral 
I= f piv (a*pyt X) vol, (22) 
Q 
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extending over some four-dimensional region of space 2. The procedure 
of Weiss (1938) can henceforth be followed in detail. We have to 
consider each component ¥ of % and ¥,' of ¥! as independent canonical 
variables. The canonically conjugate momenta of the former are 


Hence the energy momentum density 


tensor is given by 
d 


= (23) 
Starting from the Lagrange function 4 y'p (a*p, - x) (a*p, + 
instead of (16) we should get instead of (23) the expression 


which is real. It has been shown by Weiss that for arbitrary displacements 
5x* of points on the boundary and arbitrary variations of % and ¢t in the 
interior of the volume the variation of ¥ is given by 


89= — dx4) d surface (24) 


the integral being over the three-dimensional boundary of the volume 2 
and the N, being the normals to the boundary at each point. (24) can 
be written as a four-dimensional integral over the volume 2 of 


= (25) 


Now the variation of ¥ must clearly vanish for a change which is merely 
brought about by a displacement of the axes of co-ordinates, or by a 
transformation of the Lérentz group, for both of which the Lagrange function 
L is invariant, and this remains true whatever the volume of integration. 
Hence the integrand (25) must vanish for all such displacements and trans- 
formations of the axes. This is the most general formulation of the 
conservation laws. Taking first a translation of the origin of the co-ordinate 
system, we have 54=0 with the 5x* as arbitrary constants. Hence 


(26) 


It is interesting to note that (23) or (23’) remain the correct expression for the 
energy tensor of the particle even in the presence of an interaction of type 
(20), though then (26) is obviously not satisfied. 


Take next the variation of ¥ due to an arbitrary transformation of the 
Lorentz group characterised by the parameters <*, such that 


| 
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The corresponding variation of ¢ is 
Remembering that the parameters «, of the transformation are arbitrary 
and antisymmetric we deduce from (25) that 
d 

MO" = 0, (27) 
This shows that M“” can be taken to give the angular momentum density 
of the particle. It is also the correct expression even when a field is 
present. 


- We can now use (27) to symmetrise the energy tensor (23) by a method 
due to Pauli (1941). From (27) and (28) it follows that 


where | 


TY = 0. (29) 
showing that ; 
(29) 


is symmetric in kK and /. The expression 


is antisymmetric in J and m. Its contracted derivative has a part which is 
just equal to the second term of (29) while the rest is symmetric in k 
and /. Hence. 


+ (31) 


is symmetric in k and / and satisfies the conservation equation (26). It: is 
an alternative expression for the energy tensor. It can be deduced after 
some elementary calculations that 


H 2 


— + a’a*) p— (ata”a’ + a/aat) (Py Pm) (32) 
which shows that 7 is also real. In deriving (29) use has been made of 
the fact that ¥ satisfies (1) and ¥ (16), and that the a’s satisfy the commuta- 
tion relations (7). The total energy and momentum given by the integrals 
of (23) or (32) over any space-like surface are the same, 


. 
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§ 3. CONNECTION BETWEEN SPIN AND STATISTICS 


For what follows in the rest of the paper it is convenient to take 
a° to be in the diagonal form. It has the eigenvalues n, n— 1, n—2,---, 
—n which occur say vg, v,1,"**¥, times respectively, the eigenvalues j and 
—j always occurring the same number of times, as is a direct consequence 
of (2). Let equal eigenvalues be brought next to each other and the 
groups arranged in the order m, n—1,--- by a rearrangement of the rows: 
and columns of the matrices. Thus a® takes the form 


nE(v,) \ 


(n— 1) E (v4) 
33) 


—nE(v,) / 

where E(»,) denotes the unit matrix of v, rows and columns. All the 
non-diagonal elements are zero. D defined by (14) must also be in 
diagonal form. Labelling the different rectangles into which every matrix 
is divided by the corresponding eigenvalues of a°, we get 


(j | D | j)= const. = const. (— 1) (34) 


Choosing the constant so that we have always — 1 for j=n, we see that 
D has the form 


E(,) \ 
— E | 

E (v1) | (34) 
| 


(— EB / 

Now consider the form of the three a*’s, (k +0). As has been pointed out 
in A, the result of the commutation relations (6) and (7) is that the three 
matrices a°, a and I™ satisfy the cyclic relations 

= 1%, [a*, = a, a9] -- 

which are equivalent to the well-known commutation rules for the three 
components of angular momentum. Hence, in any irreducible representa- 
tion if one of the matrices, say a, is brought to the diagonal form and has 
the eigenvalues n, n—1,-**—7 the only non-vanishing matrix element of 
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the other two are those connecting eigenvalues of a° differing by + 1. The 
same clearly holds for every reducible representation consisting of a sum 
of irreducible ones the maximum eigenvalue of each of which is one of the 
numbers of the set n, n— 1, ---— 7. Hence the only non-vanishing elements 
of a* are the matrices (j| a* | j+ 1) of » rows and »;,, columns. 

0 (n\a*\n— 1) 


(n— 1\a*|n) 0 (n —1|a*|n —2) 


(n—2\a*\n—1) 


0 (—n+1|a*| —n) 


(—n|\a*| —n +1) 0 
Since every Hermitian matrix can be brought to the diagonal form through 
a similarity transformation by a unitary matrix, and such a transformation 
leaves the anti-Hermitian character of any other matrix unchanged, it 
follows that the a* are still anti-Hermitian and hence 


(ile | At (35') 
It is obvious from (33), (34) and (35) that D commutes with a® and 
anticommutes with the other three a’. 


Corresponding to the form (33) of a® the components of ¥ also fall into 
sets there being v,, Components in 
each set. 


It was proved in A that in the absence of interaction # satisfies the 
equation 
— (n— 1)? — x*} 2)? — (36) 


the last factor being x or (4 »,p” — x?) depending on whether n is an integer 
or half an odd integer. It has therefore solutions in the form of plane 
waves exp. [ip,’x*] where the four quantities p,’ must satisfy 


=o, (37) 


j+# 0 being one of the eigenvalues of «®°. This solution clearly corresponds 
to a state in which the particle has a rest mass + x/j. Consider in particular 


d= | 0 
| (35). 
| 
{ 
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a solution of zero momentum py’ = = , Pe =0 for k <0 and write 
(38) 
¢ being now independent of the space and time co-ordinates. Inserting this 
into (1) we get the set of equations 


+x) EO) d= 0. (39) 


Hence ¢(r)= 0 for r +j. For solutions of the type (38) the only non-zero 
components are ¢(j). Inserting this result into (21) and using (33) and 
(34) we find that the charge density is positive or negative definite for all the 
states belonging to the eigenvalue x/j of the mass. The total charge is simply 
f s°dxldx%dx3 = e (— 1) {j (j)¢ (j) dx'dx*dx} (40) 
The total energy E calculated by using (23) is : 


E= T%dxtdxtdee = 4 (— f (Al) 


The factors in curly brackets can be made equal to plus or minus one, depend- 
ing on the sign of j by suitable normalisation. 


The difference between the theories for particles of half odd integral 
and integral spin is an immediate consequence of (34) and (35): The 
expressions (j |Da®| j) and (—j |Da®| — /) are equal for half-odd integral spin, 
while they have opposite signs for integral spins. In the former case the totaj 
charge has therefore the same sign in corresponding states of rest mass 
+ x/j, while the energy changes sign. In the latter the sign of the total charge 
is opposite for states of rest mass + x/j, while the total energy is the same. 
Thus a physically sensible theory for particles of half odd integral spin is 
only possible if it is quantised in accordance with the Fermi-Dirac statistics. 


A small point is worthy of mention. Consider for the moment half 
odd integral spin. For the state of lowest mass x/n both the expressions 
(40) and (41) are positive, while for the state of lowest negative rest mass 
— x/n (40) is positive and (41) is negative. We can therefore assume 
that all the states of negative rest mass are occupied, each with one 
particle so that an empty state would appear as a state of positive energy 
of a particle of opposite charge —e. For the next lowest state of positive 
rest mass y/(m— 1) there is a reversal of sign, and both (40) and (41) are 
negative, while for the corresponding state of negative rest mass — x/(n— 1) 
(40) is negative while (41) is positive. The latter therefore describes a particle 
of charge — e in a state of positive energy. In this case we have to consider 
all the states corresponding to the mass x/(m— 1) to be filled up, a vacant 
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state now appearing as a particle of positive charge e, positive energy 
and rest mass x/(n— 1). The alternation continues for the other eigenvalues 
of the mass. The interpretation we have given is perfectly permissible 
since, for example, it is known from Dirac’s theory of the electron that 
it is immaterial whether we consider the electrons as the ‘ real’ particles 
and the positrons as ‘holes’ or vice versa. \ 


The quantisation of the theory can be carried through in the usual 
way. For integral spins it is immediate. For Weiss has shown that the 
classical Poisson bracket satisfies the relation 


[P,.° (x’), # (x)] = i [Yt (x) 
= 8," x) 8 x4) 8 2x3), (42) 


Special precaution is required only to ensure that every canonical co-ordinate 
is independent with independent canonical momenta. But precisely this 
condition is not fulfilled for integral spin. The time derivative of all the 
components 4 (0) of % belonging to the eigenvalue 0 of a° do not appear 
in (1) and all these can be considered merely as dependent variables 
defined as the space derivatives of the others. No independent quantum 
conditions can be prescribed for these. In fact (42) is inconsistent when 
a® has the eigenvalue 0 for then the left side vanishes identically for 
certain values of » while the right does not. We can correct for this 
circumstance by simply multiplying both sides of (42) by (@°)?, and 
summing over v.* It follows from Weiss’ work that the quantisation is 
relativistically invariant though the conditions (42) apply only to surfaces 
of constant time. 


For integral spins equation (1) cannot be written in the form 
H)¥=0 (43) 


since a° has no reciprocal, precisely because one of its eigenvalues is zero. 
It can be written in the form (43) only when supplemented by auxiliary 
equations, exactly as in the case of spin | investigated by Kemmer (1939). 
This spoils the beauty of the formulation. For half odd integral spins a® 
has a reciprocal, as follows from equation (8), and (1) can be written in the 
form (43) on multiplication by (a°)-!. From (43) one can pass back to 
(1) and the two equations are completely equivalent. 


* The commutation relations (90) given by Kemmer (1939) are incorrect. On multiplying 
(42) once more by (#°)“, one obtains exactly Kemmer’s expression on the left but (a va instead 
of his on the right. 


‘ 
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§ 4. Non-RELATIVISTIC APPROXIMATIONS 


In this section the non-relativistic approximations to equation (1) will 
be deduced. Latin indices will henceforth be understood to take on only 
the values 1, 2 and 3. 

The three matrices = [a’, commute with a® and hence when 
a® is brought to the diagonal form (33) they must also take the same form 
with the matrices (j | I | /) replacing the E (»;) in (33). We define the anti- 

symmetric tensor <” so that «!%=-—1. Lowering its indices we get 
With 1. Defining three matrices K, by 
K, RES: (44) 
then as a result of the commutation relations (2) these satisfy the relations 
[K’, K‘] (45) 
K!, K?, K® are the matrices denoted by K,, K,, K, in B and as is well 
known, their irreducible representations are characterised by a number k 
which is either a positive integer or half odd integer. This representation 
is of degree 2k+ 1 and we take it in the usual form 
(m | K? | m)=m 
(m+ 1 | K1+ iK?| m= Uk (k +m-+ 1) (46 
(m | K?— iK? | m+ 1)= Vk +m) (k —m +1) 
All the other elements vanish. ,We call this representation D,. The three 
7s — [a”, a°] with which we are concerned form the nucleus of a representa- 
tion of the three-dimensional rotation group, and hence it must be possible 
by a similarity transformation which does not disturb the form (35) of 
a° to reduce them to a direct sum of irreducible representation of the 
three-dimensional rotation group, thus: 
il = K” = K’ (k,)+ K’ + K’ (kg) (47) 
The I” then take the form 


( K! (k,) 


(k,) 


K’ (ks) 


vi 
if 
fe 
C 
fe 
te 
it 
d 
it 
w 
at 
th 
T 
al 
It 
if 
| 
|| 
=— iK'=-—i (48) 
(k,) 

§ 
e 


Relativistic Wave Equations for the Proton 255 


where the large squares represent the divisions with respect to the eigen- 
values of 2°. Each one of these squares may be occupied by one or more 
irreducible representations of the three-dimensional rotation group of the 
form (46). 


The commutation relation between the three a” and K” given by 
(2) can likewise be written in the form 


fa”, ie’ (49) 


Corresponding to (48) each non-vanishing matrix (j|«” | j + 1) of o” must 
fall into matrices of the form (j, k | «” | j + 1, k’) connecting the represen- 
tation D, with D,,, which must clearly lie in squares belonging to neighbour- 
ing eigenvalues of a°. For brevity in what follows immediately we shall 
drop the letter 7. From one of the relations 


it follows that the only non-vanishing elements of are (k, m|o | k, m) 
where |m|<k and |m|<k’. Hencek and k’ must differ by an integer, 
as they do in any case because of (2). Similarly, from (49) we can deduce 
the relations 

[a1 + ia?, K3] = — (a! + ia?) (51) 


— ia?, (a! — ia’). 


The only non-vanishing elements are therefore (k, m+ 1 | a!+ ia? | k’, m) 
and (k, m|a!— ia? | k’, m+ 1). Further we have the relation 


[a! + ia?, K1+ iK?]= 0. (52) 
In terms of matrix elements, and using (46) this reads 


Vik =m) +1) (k, m|at+ iat (53) 


Suppose first k’ = k. Then the matrix element on the right does not exist 
if m =—k—1 but the one on the left does. Hence in order that the 
one on the left should not vanish its coefficient \/(k’ + k + 2) (k’ —k —1) 
must vanish. This requires k’=k-+ 1. In this case (53) uniquely deter- 
mines the whole matrix (k | «1+ ia? | k-+ 1) but for an arbitrary multiplying 
constant. We can then determine a* and a!— ia® by the relations 


[a+ ia?, iK?]= a? 
[a3, K1— iK?]= — i (a! — ia?) (54) 


Suppose now k’< k, Then the matrix element on the left of (53) does not 
exist if m= k’+ 1. In order that the one on the right should not vanish 


(k, m+ 1 | a!+ ia? |k’, m) Vik’ —m +1) $m) = | 
| 
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its coefficient /(k — k’ — 1) (k +k’ +2) must be zero. Hence k’=k—{ 
and then the entire matrix (k | a!+ ia* | k— 1) can be determined by using 
(53), except for an arbitrary multiplying constant. a* and a!— ia? can then 
be determined by (54). For brevity we write 


U’ (k+ 
|k+)) (55) 
The a and 5 are arbitrary multiplying constants. U’ is a matrix in 2k+3 


rows and 2k+ 1 columns while V” has 2k+ 1 rows and 2k-- 3 columns, 
From (49) it follows that they satisfy 


(k+ 4) K(k) — KS (K+ 1) U (K+ (56a) 
(k+ 4) (k+ 1)— K’ VW 4) = ie” V, (K+ 4) (56) 


Lastly, it is obvious from a comparison of (49) and (45) that a solution of 
(49) exists for k’=k. In fact, 


(k | a” | k)= cK’ (k) (57) 
c being an arbitrary constant. 


Now let the indices k, /, m be cyclic permutations of 1, 2, 3. For 
brevity we drop the label (k+ 4) attached to U and V. Multiplying (56a) 
by V’ from the left, we get 


iV’ U = (k)— KS (k+ 1) 
= V’ U’ (k)— (k) V’ U” (566) 
where use has been made of the equation 
V’ (k+ 1)— (Kk) V=0 
which is a particular case of (56b) for r= ys. Similarly multiplying (56d) 
by U’ on the right 
= V’ K* (k+ 1) = (k) — K’ (kK) 

Subtracting these two equations we get 

i — VU") = — (&)]. 
Writing for the moment W’= V’U’— V‘U* we see that the W” satisfy just 
the relations (49) for the a” with k’=k and are square matrices of 2k+1 


rows and columns. But for an arbitrary multiplying factor they must 
therefore be equal to K”. Hence by a suitable normalization of the U’s and V’s 


U (K+ eK, (58) 


and similarly it can be proved that 


fu 
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Finally we note in passing that 
U"(k+ 3) U'(K+ U' (K—4)=0 
(K+4)=0. (60) 

The general form of the matrices a’ is therefore the following. The 

only non-vanishing submatrices are (j, k | a” | j+ 1, k’) where k’=+ 1 or 0. 

The only indeterminate quantities are certain constant numerical factors 

multiplying the submatrices. We shall not require to know these for the 

purpose of this section. 


We now return to equation (1) and study the behaviour of the 
particle in the non-relativistic approximation in an arbitrary electromagnetic 
field. The pz have to be replaced by the z,; of (20). We again make the 
substitution (38) for % but let ¢ depend on the co-ordinates and be a slowly 
varying function of the time compared with exp ixx®/j. Assume that the 
momenta a, are small compared with the rest mass x/j. As already indicated 
by equation (39) the large component is ¢(j) the others being smaller by 
a factor 7, j/x. Remembering (33) and (35) and neglecting 7¢ compared 
with X we get the equations 


x+ x) ¢U- 63) 
The other components are successively smaller by an extra factor a IX the 
further they are from ¢(j). Eliminating ¢ (j— 1) and ¢(j+ 1) we get 
-$ (j)= 0. (64) 
Now using (30) and (35) it follows that 
(j| [2% De fl 
The expression in curly brackets can therefore be written as 
(j| af] of |). 
Express the last term in square brackets as a sum of a symmetric part 


4(j| a*] a’ + [0° | j) -+ (65) 
and an antisymmetric part 
4(j| a’ — [a®, | j) — my). (66) 


A2 
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Consider (65) first. The expression inside the matrix element is just 


a®ata! + — a*ta%a! — a/a%a*, (67) 


From the commutation rule (7) we have 


[a*, [a®, — — a®a‘a* + — 
Hence the expression (67) is equal to 
aata! a*a/a® +- (65) 
and the diagonal matrix element of this is just jg”. Hence (65) reduces to 
jm. 


The expression in round brackets in (66) is just equal to — ie F,=ieH, 
where H,, is the magnetic field strength. Corresponding to the division 
of each square j into smaller squares each belonging to an irreducible 
representation of the rotation group D, as in (48), 4(j) itself can be 


subdivided into 


Concentrate on the equation in (64) corresponding to one value of k in 
this decomposition. To calculate the matrix element in (66) it is convenient 
to revert to the equivalent form in curly brackets in (64) and antisymmetrize 
it with respect to kK and /. The fact that the two terms with j+ 1 and j—1 
appear with opposite signs makes the result not equal to (j| I |j). Hence 
different irreducible representations belonging to different values of k 
differing by +1 or 0 in the same square will in general be connected. 
Taking the first term in the curly brackets of (64) a possibility would be 


the minus at the end denoting that the same term with the indices r and s 


interchanged is to be subtracted. Remembering (55) and (565) this term 
is seen to be of the form 


(k-+ 4) (K+ 1)— +4) (K+ 1) = Vy (k +4). 


The other terms can be dealt with similarly. Equation (64) therefore 
takes the final form 


{ry — 44 (j, £ Hy (aK” (k) 


a, b, c being certain numerical constants which do not interest us here. 
b and c may of course be zero. This is just the Schrédinger equation for 
a particle of mass x/j, electric charge e, but having several different values 
of the total spin k—1, k, k+1,---, etc., which interact with each other. 
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The particle has a pure magnetic moment of order e/y. The equation sim- 
plifies if there is only one irreducible representation D, in the square j. 
(68) then becomes just the ordinary Schrédinger equation for a particle 
of spin k. 

A particular simplification takes place if j=1+m. The second or first 
term in curly brackets in (64) does not exist and the antisymmetric part 
of the first simply gives 

(n | a* |n—1) (n—1| 
The equations for the different values of k (but the same n) separate and 
our elementary particle just behaves in its state of lowest rest mass like 
a number of different particles having different spins k, k’, etc., but the same 
mass M= x/n. The value of the magnetic moment in each case is e/2 X 
=e/2nM. - 


We now apply the preceding theory to types of wave-equations of general 
interest. Consider first the type of equation (1) in which the a’s are 
given by the nucleus of the representation R, (n, n) of the five dimensional 
Lorentz group. The equations have been given explicitly in (80) of B. 
Denoting by (k,/) the irreducible representation of the Lérentz group 
usually denoted by D, , (cf. Van der Waerden, 1932), it has been shown 
in B that the representation R, (m, 2) is equivalent to the scheme 


(n, 0)— (#— 4, 1, (69) 


where the different irreducible representations of the four-dimensional 
Lérentz group which are connected by matrix elements of the a’s in (1) are 
connected by a —. Now any representation (k,/) of the Lérentz group 
behaves under restriction to three-dimensional rotations like the direct 
product D, x D, of two irreducible representations of the rotation group. 
Further, it is well known that . 


D; x Dy.) + 
Thus, under restriction to three-dimensional rotations the matrices of the 
representation (69) reduce to the direct sum 
(2n+ 1) D,+ (2-1) 2n—3) +3D,+ Do (70a) 


if n is an integer, and ; 
(2n+1) D,+(2n- 1) Dy. (70b) 
if nis half an odd integer. The factors in front of the D’s give the number 


of times each representation appears. The maximum eigenvalue n appears 
in a® just 2n+1 times. The eigenvalue n—1 exactly 2n+1+2n—1 


) 
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times and so on. It can be seen quite easily that the only way the repre- 
sentations (70) can be fitted into the squares in (48) is the following:—The 
maximum eigenvalue n of a° only contains D, once, the eigenvalue n—} 
contains D,,-- D,,,, the eigenvalue n— 2 contains D,,+ D,_,+ D,,-. and 
so on. Thus, in the state of lowest rest mass (68) simplifies to 


corresponding to a particle of mass M=x/n, spin n and magnetic moment 
e/2nM. The Dirac equation is the simplest one of this type with n=}, 
and (71) then becomes the well-known non-relativistic approximation for 
this case with a magnetic moment e/M. The vector meson equation is the 
next simplest one of this type with m=1 and the magnetic moment is 
e/2M as found by Kemmer (1939). For m= % we have one of the two 
possible equations fora particle of spin . In its stable state of lowest rest 
mass it manifests a spin ¢ and hence cannot be used for describing any 
particle so far known. In the states of higher rest mass the particles 
appear with a spin and lower spins. 

Now consider another type of wave equation (1), namely that in which 
the a’s are given by the representation R, (n, 0) of the five-dimensional 
Lérentz group where m must be an integer. As shown in B it corresponds 
to the scheme 


The decomposition into irreducible representation of the three-dimensiona| 
group is 
Dat 2 Duet + (n+ 1) Do. (73) 
The maximum eigenvalue n occurs only once in a® and hence can only contain 
the representation Dy. In the non-relativistic limit of the stable state of 
lowest mass the particle behaves exactly as if it had no spin. Moreover the 
representation D,, occurs only once, and by symmetry it can only occur 
in the square belonging to the eigenvalue 0 of a®°. But for this eigenvalue 
there is no wave equation since the time derivative disappears from (). 
Thus in the scheme R,(n,0) there is no non-relativistic approximation in 
which the particle displays a spin n. The scalar meson equation is the 
simplest one of this type with n= 1. It is interesting to note however that 
non-relativistically in the state of lowest mass particles with higher values 
of n would show the same behaviour. If applied to the actual meson it would 
mean that we should sometimes have to observe mesons with simple multi- 
ples of the lowest value of the mass, 
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§ 5. ReLATrvistIC WAVE EQUATIONS FOR THE PROTON 

It was pointed out in B that there are only two equations possible 
for a particle of spin 3, namely one given by the nucleus of the representa- 
tion R; (, $) which is one of the types which has just been considered 
in the previous section, and the one given by R, ($, 4). The structure of the 
latter was analysed in B and it was shown to correspond to the scheme 


, 0) (74) 


The degree of the representation is 16. Taking the values of the connecting 
constants given in B and using formule (66) and (67) of that paper the 


expression for a“ can be written down explicitly 
/ 


@ 0 (1) wh (1) 0 


0 — due (1) A (1) 0 (1) (3) 


— (4) (4) 


0 


0 


where the u’s and v’s are the matrices introduced by Dirac (1936) and 
Fierz (1939). The spin operators a* in (1) are then given by the equation 


a* = (76) 

Under restriction to the three-dimensional rotation group the Saensiapinice: 
(74) reduces to 

2 Di; +4 D;. (77) 


The eigenvalues of a® are $, 4, —4, — #% which occur 2, 6, 6 and 2 times 
respectively. The only way the representaticns (77) can be fitted into this 
scheme is the following. The representation D, appears once for every 
eigenvalue of a°, while the representation Dg, appears once for each eigen- 
value 4 and —4. Non-relativistically in the state of lowest rest mass the 
equation for the particle is exactly (71) with n=4 and it behaves exactly 
as a particle of spin 4. 

There is nothing in the experimental information about the proton 
so far available to exclude the possibility of its being described by this 
equation. The actual value of the magnetic moment of the proton is not 
given correctly even by the Dirac equation. It is generally believed that the 
large observed magnetic moment arises indirectly through an interaction 
of the associated meson field with the electromagnetic field (Kemmer, 1938; 


(75) 
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Frohlich, Heitler and Kemmer, 1938; Jauch, 1943). There is also another 
possibility. One could always add to the Lagrange function a term it 
DIF; multiplied by an arbitrary constant. This is an explicit spin interac. 
tion such as occurs in the interaction of the meson field with nucleons, It 
would simply change the value of the magnetic moment in (71). 


If the proton is described by the equation mentioned above then in the 
relativistic region it should show many new features which have not been 
discovered yet. At relativistic velocities it should begin to show some of 
the behaviour of a particle of spin $. This would manifest itself by a different 
law for the emission of mesons, which appears to play an important role 
in the creation of the hard component of cosmic rays. It would also 
appear sometimes in a state of rest mass three times the normal value, 
which would however be very short-lived, since it could jump spontaneously 
to the state of lower rest mass merely by the emission of a quantum of 
radiation. If initially at rest the energy of the quantum would be exactly 
4# times the rest mass of the proton. 


The equation which has just been. described is one of a number of 
others which could be used for describing the proton. The essential 
requirements are that in the state of lowest rest mass the particle should 
only manifest a spin } in the non-relativistic approximation, and that the 
next lowest state of the rest mass should not be so low as to appreciably 
disturb the behaviour of the proton in the nucleus. The latter condition 
requires that, shall not be greater than about 10, for otherwise the next 
lowest state of rest mass would be less than 10% above the lowest value. 
The former condition requires that the largest eigenvalue of the a matrices 
should only occur twice. It is easy to see that the equation (1) with the 
a’s given by the nucleus of the representation R, (#, 4) (” half an odd integer) 
has the required property. Its degree is $ (m+ 4) (n+ %) (m+ 4) and it 
corresponds to the scheme 


| | | | (78) 


which is obviously the general type to which (74) belongs. The Dirac 


equation is also the simplest one of this type. One could differentiate 
between all these equations only by observing the behaviour of the proton 
in the relativistic region. Our theory at least opens up a number of 
new possibilities for describing the proton and indicates that it may possess 
a number of new features, including more than one value of the rést 
mass, which are certainly not possessed by the electron. 
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SUMMARY 


The scheme of relativistic wave equations for the elementary particles 
which was put forward by the author recently is rounded off in this paper 
by giving the expressions for the Lagrange function, the energy tensor and 
the current vector. It is shown that the equations for particles of half 
odd integral spin have to be quantised in accordance with Fermi-Dirac 
statistics while the equations for particles of integral spin can be quantised 
in accordance with Einstein-Bose statistics. 


The non-relativistic approximations of the equations is investigated. 
If n is the maximum eigenvalue of the spin operator there are n+ 1 different 
equations if m is an integer and n+ 4 if it is half an odd integer, and it is 
shown that each of these describes a particle of quite different physical 
properties from the others. For example, each particle behaves non-relativ- 
istically in its state of lowest rest mass like a particle possessing a spin n'< n, 
there being only one equation for which n’ =n. 


On the basis of. this investigation it is shown that the equation (1) in 
which the a’s are given by the irreducible representation R, (%, 4) of the 
Lérentz group in five dimensions is a possible one for describing the 
behaviour of the proton. Non-relativistically in its state of lowest rest mass 
the particle would behave exactly like a particle of spin 4. The proton would 
have in addition one other state of rest mass three times the lowest value. 
Only in cosmic ray phenomena is enough energy available for throwing the 
proton into this state, and its life time would be short since it would 
return spontaneously to its normal state of lowest rest mass by emission 
of a quantum of radiation. 


It is pointed out that some of the other equations (1) given by the 
fepresentation R; (n, 4) could also be used for describing the proton provided 
nis not too large. In every case it would behave non-relativistically in its 
state of lowest rest mass like a particle of spin 4. One could differentiate 
between all these equations only by observing the behaviour of the proton 
in the relativistic region. According to this theory the proton should 
possess several new physical features which would only manifest themselves 
at very high energies. 


: 
\ 
t's 


264 


Bhabha 
Bhabha 


Dirac 

Fierz 

Fierz and Pauli 
Frohlich, Heitler & Kemmer 
Jauch 

Kemmer 
Kemmer 
Madhava Rao 
Pauli 

Pauli 

Van der Waerden 


Weiss 
Weyl 


H. J. Bhabha 


REFERENCES 


Current Science, 1945, 14, 89-90, referred to here as A. 


In course of publication in the Rev. of Mod. Phys., 1945 
referred to here as B. 


Proc. Roy. Soc., A, 1936, 155, 447-459. 
Helv. Phys. Acta, 1939, 12, 3-37. 

Proc. Roy. Soc., A, 1939, 173, 211-32. 
Ibid., A, 1938, 166, 154. 

Phys. Rev., 1943, 63, 334-342. 

Proc. Roy. Soc., A, 1938, 166, 127. 

Proc. ind. Acad. Sci., A, 1939, 173, 91-116. 
Ibid., 1942, 15, 139-147. 

Phys. Rev., 1940, 58, 716-22. 

Rev. of Mod. Phys., 1941, 13, 203-32. 


Die Gruppentheor: tische Methode in der Quantermechanik, 
Berlin, 1932. 


Proc. Roy. Soc., A, 1938, 169, 102-119. 
The Classical Groups, Princeton, 1939. 


| 
e 
a 
a 
é 
‘ 
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INTRODUCTION 


IN recent years, great progress has been made in the study of the physical 
properties of the ionosphere. The pulse-sounding method has been exten- 
sively used in different countries and continuous observations have been 
made over long periods on the height of the reflecting layers above ground, 
their ion densities, reflection coefficients, their diurnal and seasonal variations, 
etc. T. H. Laby and his co-workers in Australia first showed that a light- 
ning discharge produces a strong but simple pulse which is received as 
a ground wave and also, especially at night, as reflected waves after one 
or more reflections at the ionosphere. They showed that these reflections 
can be used to find both the height of the ionosphere and the nature of the 
atmospherics. The work has been continued with important results by 
Appleton and others in England, and by Schonland and his co-workers in 
South Africa. As part of a larger scheme of investigation on the upper 
atmosphere, systematic work on atmospherics in this country was started 
about two years ago at the school of Radio Physics and Electronics, 
S. P. College, Poona. The present paper gives a preliminary account of 
the work done on the reflection of atmospherics. 


EXPERIMENTAL 


A schematic diagram of the apparatus set up for recording the 
atmospherics is shown in Fig. 1. Essentially it consists of the following 
five important units :— 

(1) The antenna system and the main amplifier unit. 

(2) The Cathode Ray Oscillograph. 

(3) The automatic brilliancy control unit. 

(4) The power supply and voltage regulator unit. 

(5) The camera and recording device. 
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Fig. 1. Schematic diagram of apparatus for recording atmospherics at Poona 
RECT.—Rectifier. A.B.C.—Automatic brilliancy control. 
V.R.—Voltage Regulator. C.R.O.—Cathode Ray Oscillograph. 
ANT. & 50 .SUPP.—Antenna and 50-Cycle L.—Lens. 

Suppressor. DRUM.—Rotating drum. 


AMPL.—Amplifier. 
S.—Stroboscope. 

(1) The antenna system and the main amplifier unit—In this investiga- 
tion the school aerial which is of the L-type, was used. Its total length is 
116 ft., of which 96 ft. is stretched horizontally in a north-south direction 
and 20 ft. is vertical. The lead-in wire is well shielded to avoid 50-cycle 
pick-up. A resistance of 5,000 ohms in series with the aerial attenuates 
the R.F. and Morse signals. A second high resistance (10 megohms) and 
condenser (0:0001 uuzF) connected in parallel are put in series with the 
aerial circuit. Variations in the voltage developed across this high resist- 
ance-capacity combination caused by an atmospheric are amplified by 
means of a specially designed three-stage push-pull amplifier. In order to 
obtain the phase inversion, one of the two grids of the first push-pull 
stage, was connected directly to one of the high resistance in the aerial 
circuit while the other was connected through a triode to the same end of 
the resistance. The main amplifier is an RC-coupled one, with a high 
frequency compensation choke in series. Thus its frequency response is 
flat over a wide range of frequencies from about 50c/sec. to 300 ke/sec. 


(2) The cathode-ray oscillograph—Part of the output of the amplifier 
is given to the deflection plates of a double beam Cossor Cathode-Ray 
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Oscillograph (Type J, Model 3339). The circular fluorescent screen of 
diameter 10cm. has high actinic value for photographic recording and is 
found to be excellent. Only one of the beams however was used as an 
indicator which thus reduced the writing speed of the oscillograph beam 
and so the gain of the amplifier had to be kept rather low which naturally 
gave smaller amplitudes. 


(3) The automatic brilliancy control unit—Part of the output of the 
amplifier is given to the deflection modulation circuit which controls the 
brilliancy of the CR beam. Since the thyratrons and the multivibrators 
have some delay in their operation, there is the possibility of losing the 
earlier portion of the atmospherics. In order to avoid this, the CR spot is 
normally kept at zero brilliancy, but as soon as the deflection becomes 
about 3mm. or more, the brilliancy suddenly increases enormously. 
When however the deflection exceeds about 2cm. the brilliancy retains 
a constant maximum value; this is arranged by allowing the beam to 
attain its saturation stage, so that defocussing due to different writing 
speeds is largely avoided. An asymmetric multi-vibrator is designed to 
maintain the CRO beam bright for a definite predetermined period so as to 
trace the complete series of sky pulses even if they die down in amplitude 
to the smallest values detectable. This duration can be varied from about 
1/50 sec. to about 1/100 sec. 


(4) The power supply and the voltage regulator unit——The power supply 
to the different circuits was obtained from the usual full-wave rectifier and 
power pack with smoothing choke and condenser system. The tiltered 
output amplitude was found to be less than 0-2%. The D.C. output of the 
H.T. supply is regulated by an electronic voltage regulator by a series tube 
(6L6) and a controlling tube 57. Since in the push-pull stages of the 
amplifier there is no necessity for a high order voltage regulation, only the 
single ended inverter stage of the amplifier was fed by the regulated supply. 
Besides, the plate current requirements of the push-pull stages were too 
high for the regulator to supply the necessary current (about 80 ma.). The 
push-pull stages were therefore fed by the unregulated power supply only. 


(5) The camera and the recording device—The camera was fitted with 
a high power lens (Dallmeyer) of maximum aperture f/1-5 and f= 7-5cm. 
Due to war conditions, it was not possible to get sufficient stock of 
photographic films of good quality. Hence the recording had to be made 
partly on Kodak verichrome and partly on super XX films both of which 
gave a background of general fogging. The time base method was used in 
the beginning but was not found to be satisfactory and therefore the 
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rotating drum method was adopted in all later stages of this work. The Fé 
drum which carried the photographic film about 40cm. long was driven . 
by an induction motor. The speed of revolution of the drum was adjusted * 
and kept constant before each recording by means of a continuously 
variable gear and stroboscope. With this arrangement very high peripheral 
speeds could be attained but usually the final time scale produced in the 
record was about 114 micro-seconds per mm. 
RESULTS AND DISCUSSION whe 
The results of some observations made in August and September 1944 in 
are given in Table I. Using the two following formule given by Schonland gth 
TABLE I = 
Results obtained from the Records of some Typical Atmospherics 130 
recorded during August and September of 1944 at Poona dev 
3 ‘ Duration and Type Height of Distance of in’ 
LS ) of Primary Pulse Ionosphere origin of Atme fror 
>: ome ‘S.T. (New in uw Sec.* in Kms. spheric in Kms, whi 
1 5 August 2100—2115 578 I 89-1 384 (I) 
1 6 Ma 1900— 2000 231 Il 87-9 235 tion 
2 127 I 97-2 505 
4 361 I 89-2 309 a gl 
5 361 90-8 1330 puls 
6 ” ” ee 52-8 1250 
2 6 September} 2000—2015 398 I 134+4 2410 prov 
3 “A pe 578 I 91-3 705 mer 
1 10 ‘a 2100—2115 164 I 105-5 301 
4 265. | IV 97:6 255 orig 
1 1 “ 2200—2230 164 I 52-2 131 find 
2 ” ” 361 I 138-8 3440 
4 337 I 66-5 puls 
5 ” 216 - 98-4 347 
1930-1940. | 104 I 93-3 403 Tab 
2 127 Ill 128-5 468 foe: 
3 ” ” 173 I 102-4 50l 
4 ” ” 415 I 92-3 800 
5 ” ” 138 I 80-6 375 
s bb 2130—2200 138 I 86-4 526 reco 
il 207 IV 95-6 490 
4 17 0 2000—2015 173 III 90-4 518 am 
6 ” ” 92 Ill 86-3 481 ficat 
8 ” 69 I 56-4 912 
3 2130 —2200 81 IV 108 +3 548 give 
5 ” ” 207 I 91-5 689 
6 104 I 82-3 295 Plat 
7 ” ” 92 Ill 80-6 386 first 
8 ” ” 173 II 76-4 291 
13 127 III 86-5 524 sky 
14 127 I 134+5 2410 high 
2045 — 2100 138 IV 76-8 625 
6 ” ” 242 Il * 84-6 549 case 
8 173 Ill 79-3 482 


* V.B.—Typel = © Type Il = Type Ill = Typelv= 
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and his co-workers, the mean height / of the ionosphere and the distance 
dof the origin of the atmospherics recorded on different days of observa- 
tion are given in Table J. 


4h? (q?— p*)— 2 R 

where p, g, r are the ordinal numbers of the sky pulses, T, the interval 
in seconds between the arrival of the.pth and qth pulses, T, that between 
gh and rth pulses, c is the velocity of light and R is the radius of the 
earth. Regarding the height of the ionosphere, although most of the values 
lie within the range 75-105 km., occasionally it becomes very high (e.g., 
130km.) or very low (56km.). These are few in number; why such 
deviations occur has to be further investigated. The mean value of h 
in Table I is 91-3km. The distance of origin of the atmospherics varies 
from a few kilometres to more than 3,000km. The maximum distance from 
which an atmospheric can be recorded will depend mainly on two things: 
(1) the overall sensitiveness of the recording arrangement and (2) the dura- 
tion of the primary pulse. Thus for a given set-up of the apparatus and 
agiven mean height of the ionosphere, the longer the duration of the primary 
pulse the smaller will be the maximum distance at which an atmospheric 
produces separate records of the ground and the first sky pulse and do not 
merge into one another. Hence only those atmospherics that have their 
origins within this distance from the place of observation can be used to 
find the height of the ionosphere based on the interval between the ground 
pulse and the first sky pulse. Otherwise other intervals have to be used. 
Table II gives the values of fh deriyed from different sets of p, q, r (triad) 
for the same atmospheric and shows its approximate constancy. 


Most types of atmospherics observed at other places have been 
recorded at Poona. The durations of the primary pulse measured in 
a number of wave forms are given in the same table and a tentative classi- 
fication based on the nature and the duration of the ground pulse is also 
given there. A few typical wave forms of atmospherics are reproduced in 
Plates I and II; they clearly show the various sky reflections coming after the 
first ground pulse. Occasionally as many as forty-two reflections of the 
sky pulse from the ionosphere have been recorded. In some of them the 
high frequency leader stroke effects, are also recorded clearly. In these 


cases, the preliminary portions of the leader stroke must have acted as a 
trigger, 
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TABLE II 
Test for Constancy of h by the Triad Formula 


Number aud date Time 


Mean Hei: 
of the atmospheric 1.S.T. (New) Triad (4, ¢, 7) Height in kms. i ght 


1 5 August 2100- 2115 3, 6, 9 89-1 | 
20, 25, 30 93-2 91-1 
2 6 a 1900—2000 1,4, 7 97-2 
” ” 18, 1 , 20 92-4 93-7 
” ” 18, 23, 28 91 6 
3 6 September 2000—2015 1, 2, 3 92-0 
” ” 2, 3, 4 89-0 91-3 
” ” 3, 4, 5 93-0 
” 2,3, 4 92-4 91-7 
” ” 3, 4, 5 93-0 
5 14 1, 2, 3 84-0 
” ” 2, 3, 4 80-0 } 82-0 
” ” 2; 3, 4 74:3 
7 17 ” ” 3 84-2 
” ” 3, 3, 4 80-6 | 82 4 
6 18 8 2045—2100 2,3, 4 84-0 
3, 4, 5 80-7 82°5 
” ” 4, 5 6 82-9 


CONCLUDING REMARKS 


The two main directions in which our work will be continued are: 
(1) setting up a D.F. system and (2) adoption of the present apparatus for 
simultaneous working at two places. It is hoped that these improvements 
will be possible in the near future. 


SUMMARY 


The paper gives a brief account of the work on the wave-form of 
atmospherics at night, done at the School of Radio-Physics and Electronics 
in Poona. The experimental arrangement consists of an aperiodic antenna, 
an H.F. compensated R.C. coupled amplifier, a Cathode Ray Oscillograph 
(Cossor double beam, Type J, Model 3339) and a high speed camera (lens 
aperture= f/1-5) with a rotating drum. The amplifier is broadly tuned 
between 50 cycles to 300kc./sec. By a simple circuit arrangement using 
a multivibrator and a deflection modulator the brilliancy of the CR beam 
is quickly increased whenever there is a field change of sufficient magnitude 
and kept constant at a high value for a fraction of a second. The sudden 
field change caused by the leader stroke of a lightning discharge is used as 
the trigger to operate these circuits and thus obtain the record of the 
whole wave-form after the leader stroke. The duration for which the 
beam retains its high brilliancy is controllable and is generally about 
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1/100th of a sec. Phase and amplitude changing device is also embodied 
in the circuits so as to counteract the 50 cycles mains pick-up which, however, 
is still evident in some records as a sfight waviness. The speed of the drum 
on which the photographic film is wound is controlled by a variable gear 
and stroboscopic arrangement. The speed used was about 25 rev./sec. 


The results obtained from the records at Poona are compared with those 
obtained elsewhere. The duration of the primary pulse varied from 50, secs. 
to 500. secs. and atmospherics originating as far away as 3,000km. have 
been recorded. The height of the ionosphere calculated from the multiple 
reflections of the sky pulse varied from 75-105 km. on different occasions. 
Occasionally as many as forty-two reflections of the sky pulse from the 
ionosphere have been recorded. 
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LUMINESCENCE IN THE SOLID STATE— 
BORIC ACID AS BASE 


Part II. Coumarin and its Derivatives as Activators 


By K. NEELAKANTAM AND M. V. SITARAMAN 
(From the Departments of Chemistry, Andhra University and Presidency College, Madras) 


Received April 24, 1945 


THOUGH a considerable amount of work has been done on the preparation 
and properties of the boric acid phosphors,! there are several aspects which 
require further investigation and some of these which have a bearing on the 
present work may be stated as follows :— 


(1) Of the large number of organic compounds available only a few 
have been so far employed as activators, ard it is of considerable interest 
to investigate the use of other organic molecules especially with a view to 
prepare phosphors of long after-glow periods. 


(2) According to Tiede et a/.1 the function of the boric acid is to supply 
the necessary physical conditions for the luminescence process; pure boric 
acid subjected to the same treatment does not luminesce and the electronic 
transitions, both in absorption and emission, take place in the molecule 
of the organic substance the nucleus of which remains unchanged. In a 
few cases, however, according to these authors it is not only regarded as 
possible but also probable that chemical reaction may occur between boric 
acid and the organic molecule but no suggestions have been put forward 
by them regarding the effect of such chemical reaction on the duration and 
intensity of phosphorescence. Neelakantam and‘ Sitaraman! attempted to 
throw light on these questions by investigating the behaviour of phenolic 
and o-hydroxy-carbonyl compounds as activators but it was found that 
their results could be interpreted in different ways and more data was 
necessary before definite conclusions could be drawn. 


(3) The results reported by the authors in Part I show that in several 
cases the fluorescence of the activator in the pure state under u!tra-violet 
light was different from that of the luminescent body prepared with it. If 
the molecule of the activator remained unchanged these observations have 
to be explained on purely physical grounds such as the dielectiic constant 
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and viscosity of the medium while in those cases in which chemical reaction 
may occur, new molecules may be the cause of the change. 


(4) As phosphorescence depends firstly on the ability of the activator 
to absorb ght quanta and re-emit them and secondly on the physical condi- 
tions being suitable for delaying emission of part or whole of the absorbed 
energy it would be of interest to investigate if an organic molecule which 
is strongly fluorescent in the solid state would also yield intense and long 
duration phosphorescence given suitable physical conditions. At the 
outset it may be stated that Tomaschek! found that no such relationship 
existed and that an activator which was strongly fluorescent in the pure 
state does not necessarily give rise to a strong phosphor. Our results 
reported in Pari I are also in general agreement with this view but it was 
noted that some of the best phosphors obtained by us were prepared using 
activators which were themselves strongly fluorescent under ultra-violet. 
Tomaschek (Joc. cit.) cites the case of anthracene which fluoresces strongly 
in the solid state but yields a weak phosphor. Bowen? has pointed out that 
while in the solid state the fluorescence efficiency of anthracene approaches 
unity, in the dissolved state it is actually one-fifth of this value; cases are 
known in which the efficiency in the dissolved state is much greater than in 
the solid state. It is well known that in the case of solutions the intensity 
as well as spectra! distribution of fluorescence depends on various factors 
such as (a) nature of solvent, its viscosity and dielectric constant, (6) tempe- 
rature, and (c) pH. It has also been pointed out by Piingsheim,* Seshadri* 
and others that one may expect as a rule an unequal power of fluorescence 
of a molecule in the ionised and non-ionised states. !t is obvious, therefore, 
that in attempting any correlation between the fluorescence of the activators 
in the pure state and their activating abilities, it is necessary to prescribe 
suitable and definite conditions for the observations of the fluorescence. 
Very little work has been done along these lines. However, Levshin and 
Vinokurov® deduced that the luminescence efficiencies of preparations using 
dyes of the fluorescein series vary in the same sequence as in the case of 
liquid solutions of the respective dyes. Considering the facts that the boric 
acid phosphors are similar to solid solutions in behaviour and the activators 
are employed at very high dilutions (1: 1,000 or more) it appears to the 
present authors that the fluorescence efficiencies in dilute solutions under 
U.V. light are perhaps best chosen for such comparisons. In the present 
investigation, however, it has not been possible to determine the fluorescence 
eficiencies. An attempt has, therefore, been made to correlate the fluores- 
cence in dilute, neutra! or weakly alkaline alcoholic solutions with the 
activating ability. 


\ 
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It is well known that the a-pyrone ring possesses marked luminescent 
properties, and the results reported by the present authors in Part I showed 
that the umbelliferones gave very good phosphors. Further with these 
activators both the intensity of the emitted light as well as the period of 
after-glow diminished with decreasing concentration of the activator. This 
is contrary to the behaviour of the sulphide phosphors® and also to the 
results obtained with organic molecules of other classes. It is, therefore, of 
interest to investigate whether diminution of both intensity and after-glow 
period with decreasing concentration of the activator is characteristic of 
all a-pyrones and an increase above the 1:1,000 limit, used previously, 
increases both. 


The present investigation has been carried out using several coumarin 
derivatives, some of which exhibit fluorescence in the solid state itself in 
daylight, which were available to us as a result of the work of Seshadri et al. 
Reference to the literature shows that of the wide variety of coumarins which 
have been synthesised only the naturally occurring esculin (the glucoside 
of zsculetin, 6: 7-dihydroxy-coumarin) has so far received attention in this 
cornection. 


Seshadri et al. deduced that the essential requirement for the production 
of fluorescence by the coumarins in alkaline and strongly acid solutions is 
the existence of a hydroxyl group in the 7-position; the effect of this group 
is either enhanced or diminished by the presence of other groups in the 
molecule according to their nature and position. On alkylation of the 
7-hydroxyl, the fluorescence in alkaline solution disappears but the com- 
pound still retains its ability to fluoresce in strongly acid solutions. When 
the hydroxyl is free chemical reaction is possible with boric acid but not 
when it is alkylated or acylated. Thus by examining closely related com- 
pounds of both types as activators it may be possible to throw some light 
on the question of compound formation and its effect on the intensity and 
after-glow of the phosphorescence. 


EXPERIMENTAL 


The procedures adopted for the preparation of the solutions as well as 
the phosphors are identical with those already described... For the sake of 
uniformity with the previous investigation, at first the activators at three 
different concentrations, viz., 1-0, 0-1 and 0-01 mg. per 1-0 g. of boric acid 
were employed. To determine the effect of increasing concentration of 
activator 2-0 and 5-0 mg. of activator per 1-0 g. of boric acid were also 
used. The latter experiments were also carried out with the five umbelli- 
ferones which were included in the previous investigation, 
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Since evaporation with alcohol causes some loss of boric acid, in the 
case of experiments with 5-0 mg. of activator the usual procedure was 
modified as follows :—5-0c.c. of the alcoholic solution of the activator was 
pipetted into the empty crucible and then evaporated to small bulk on a 
hot plate. The boric acid was then added and after mixing, the contents 
were dried and then heated as before. In this way losses of boric acid were 
cut down and uniformity maintained. 


Four compounds (1 to 4 in Table I) which fluoresce in the solid state in 
daylight are also included in this investigation. 


The aqueous alcoholic solutions of the activators which were employed 
in this investigation were examined for fluorescence both in daylight as 
well as under filtered U.V. light. In the course of the examination in day- 
light it was found that the fluorescence was best observed in a thin column 
of liquid drawn up in a graduated 1-0c.c. pipette. Examined in this way 
several solutions which appeared weakly or non-fluorescent when examined 
in bulk appeared relatively more fluorescent. Hence this method was used 
and the results thus obtained reported in Table II. Examination under 
U.V. light was carried out using quartz test-tubes. Rectified spirit was 
employed in all cases for preparing the solutions but it is possible that on 
long standing in glass bottles they become slightly alkaline. The results 
obtained should therefore be interpreted bearing this in mind. 


The fluorescence of the activator in the solid state under U.V. light was 
examined as already described.1 The phosphorescence was excited in all 
cases by means of filtered U.V. light. 


RESULTS 


The results obtained are recorded in the tables below. The figures 
given in brackets under phosphorescence in Table I are the periods of after- 
glow in seconds. For purposes of comparison with the results already 
teported the intensity of phosphorescence with 5-0, 2-0 and 1:0 mg. of 
activator in each case was determined qualitatively with reference to prepa- 
rations obtained in the previous investigation. These intensities have been 
classified qualitatively by visual observation as very strong (V.S.), strong (S), 
moderately strong (M.S.), weak (W), and very weak (V.W.). The abbre- 
viations under phosphorescence have this significance. To enable ready 
reference some of the data relating to the umbelliferones previously reported 
upon has been included in the table. 


In Table II the fluorescence of the activator in the solid state under 
U,V. light and that of the alcoholic solution, both ir daylight and under 
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TABLE II 


Fluorescence Fluorescenee of Activator 


of Solid Fluorescence (Alcoholic Solution) 
Activator Activator 
Vv 


of prepara- 
tion (U. V. 
Excitation) 


Excitation) Daylight | U. V. Light 


5-Methoxy-4:7-dimeth yl-coumarin-3- Violet |Bluish green} Pale Violel-blue 
acetic acid violet-blue 
Do ethyl ester Do Do Do Do 
5:7-Dimethoxy-4-methyl coumarin-3- | Deep violet Blue Violet Deep 
acetic acid violet-blue 
Do ethyl ester Do Do Do Do 
4-Methyl-7-methoxy-coumarin Violet Violet Nil Violet 
4-Methy!-5:7-dimethoxy-coumarin Pale blue | Deep blue Violet Do 
3-Phenyl-umbelliferone Blue Do Deep blue | Deep blue 
4:8-Dimethyl-umbelliferone acetate Nil Violet-blue} Pale green | Light blue 
7-Methyl-coumarin Pale violet | Pale green Nil Do 
4:7-Dimethyl-coumarin Deep violet} Pale blue Nil Deep 
violet-blue 
5-Hydroxy-4:7-dimethyl-coumarin Deep blue |Bluish green Nil Yel.ow 
Do methyl ether Pale violet Do Pale Deep 
violet-blue | violet-blue 
5:7-Dihydroxy-4-methyl-coumarin- Nil Deep blue | Pale violet | Deep violet 
3-acetic acid 
7:8-Dih ydroxy-4-methyl-coumarin-3- Nil Pale blue Nil Nil 
acetic ester 
Coumarin ..| Deep violet Do Nil Light blue 
Umbelliferone Light Deep violet | Deep blue | Deep blue 
violet-blue 
4-Methyl-umbelliferone Deep vio.et Do Deep Do 
violet-blue 
4:8-Dimeth yl-umbelliferone Nil Do Pale green-| Light blue 
ish blue 
8-Allyl-umbelliferone o- Blue Deep Do Do 
violet blue 
5-Methy1-3-car boxy-ethyl- Green Do Deep Deep 
umbelliferone violet-blue| violet-blue 


U.V. is reported. The fluorescence of the luminescent body under U.V. 
light is also reported in this table. 


DISCUSSION 


(1) The results obtained (Table II) show that generally the colour of 
the fluorescence of the activator in the solid state and that of the luminescent 
body prepared with it are different. Molecules containing one or more free 
hydroxyls may enter into chemical reaction with the boric acid and this may 
be suggested as the explanation of the change but it can be clearly seen that 
such an explanation is untenable as the change occurs even when no hydroxyl, 
free or alkylated, is present as in the case of coumarin. The explanation 
must, therefore, be found in the altered physical conditions of the activator. 
It is well known that quenching of fluorescence in the solid state may occur 
as a result of association and close-packing of the molecules but dilution 
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producing an increase in the number of simpler molecules can account for an 
increase in intensity of the fluorescence but not for a change in the spectral 
region of emission. Among physical causes changes in viscosity and di- 
electric constant of the solvent (medium) are known to produce such a change 
in the region of emission and an explanation should therefote be sought 
for on these lines. ; 


(2) The activating abilities of the coumarins now examined (Table I) 
are of the same order as those of the umbelliferones previously reported 
upon. The intensities of the phosphorescence are in some cases very strong 
but the after-glow period in no case exceeds 30 seconds (visual observations). 


(3) The first four compounds in Table I are marked by their ability 
to fluoresce in daylight in the solid state itself and in solution also these 
compounds are prominently fluorescent under U.V. light. Even these com- 
pourds, however are not characterised by any special activating ability. 
Actually they are weaker in this respect than some compounds which do 
not fluoresce in the solid state in daylight or even under U.V. light, e.g., 
4: 8-dimethyl-umbelliferone and its acetate. 


(4) With a few exceptions, all the compounds now examined fluoresce 
more or less strongly in alcoholic solution as well as in the solid state under 
U.V. light (Table I). As activators of phosphorescence, 3-phenyl-umbelli- 
ferone, 7 : 8-dihydroxy-4-methyl-coumarin-3-acetic acid and coumarin are 
weak especially as regards intensity of phosphorescence. The other acti- 
vators yield moderately strong to very strong phosphorescence and after- 
glow period also is appreciable reaching a maximum of thirty seconds. 
From the available data it is clear that no correlation could be established 
between fluorescence of the activator either in the solid state or in solution 
with the activating ability in phosphorescence. 


(5) The presence of a free hydroxyl group does not appear to be necessary 
for activation. 4:8-Dimethyl-umbelliferone and its acetate give similar 
results and so also 5-hydroxy-4:7-dimethyl-coumarin and its ether, and 
4-methyl-umbelliferone and its ether. This evidence indicates that chemical 
reaction with the base (boric acid) is not a factor at all in activation, at any 
rate, in this group of organic molecules. 


(6) At activator concentration of 1 in 100,000 the intensity of phos- 
phorescernce is very poor but with increasing concentration of activator it 
increases until it reaches a maximum at about | in 1,000. At higher con- 
centrations of activator there is neither an appreciable increase nor diminu- 
tion of intensity as far as could be judged by visual estimations. A peculiar 
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feature of these phosphors is that at lower concentrations the after-glow 
period also increases with increasing concentration of the activator until 
4maximum is reached and at still higher concentrations it shows a tendency 
to fall. A maximum is reached % each activator though at different 
concentrations. With the Lenard , ~sphors decreasing concentration of 
activator below the optimum at which phosphorescence is maximum reduces 
the intensity but increases the after-glow period while at higher concentra- 
tions it is shortened.* All the coumarin derivatives examined behaved in 
this manper and in this respect they are distinguished from the phenolic 
and o-hydroxy-carbonyl compounds examined previously. However, the 
case of 1-hydroxy-2-naphthoic acid which belongs to the latter class, is 
exceptional in that it also behaves like the coumarins as regards fall in 
intensity and duration with diminishing concentration of activator. It is 
remarkable that the closely related 2-hydroxy-3-naphthoic acid behaves 
unlike the former and similarly to the other molecules. Attention has already 
been drawn to the marked distinction between these two molecules as acti- 
yvators; the former yields a good phosphor with intense emission of 25 
seconds duration while the latter phosphoresces very weakly ard for’6 seconds 
only at the same concentration. 


The authors wish to express their grateful thanks to Professors 
B. B. Dey and T. R. Seshadri for their kind interest in this work and valuable 
discussions. 
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1. INTRODUCTION 


Ir is well known that fluorescence in any substance is excited only when the 
exciting radiation is of shorter wavelength than the fluorescent emission, 
That this is true for blue fluorescent diamonds exhibiting the 4152 system of 
bands was shown by Nayar (1941). The most interesting result obtained 
by him was that the principal electronic frequency at 4152 A.U. exhibits a 
true resonance effect, the whole system of principal and subsidiary bands 
brightening up and then disappearing as the wavelength of excitation was 
made equal to and then greater than 4152. He pointed out, however, that 
the 4152 system does not strictly obey Stokes’ law but persists though with 
relatively small intensity for excitation by wavelengths greater than 4152, 


The discovery of the 5032 system of bands associated with yellow 
luminescence in diamond raised the question whether the principal electronic 
frequency at 5032 A.U. exhibits a resonance effect similar to that of 4152. 
Results of recent investigations by the author (1944) on the fluorescence and 
absorption spectra of numerous diamonds further indicated the necessity of a 
detailed study of the excitation curves for the two types of luminescence and 
of the effect of different excitation wavelengths on the relative intensities of 
the two systems. The present paper reports the results of such an investiga 
tion on the fluorescence spectra of typically blue and yellow luminescent 
diamonds, a monochromator being used to give beams of light of wavelength 
varying from 3700 A.U. to 6500 A.U. 


2. EXPERIMENTAL TECHNIQUE 


The source of white light used was a special 100 Watt tungsten lamp in 
which the whole luminosity was concentrated in a short straight filament. 
When over-run at 20% more than the specified voltage it gave very satisfactory 
intensity for the entire visible region. A Hilger Constant Deviation Spectro: 
graph served as the monochromator. The white light was spread by the 
constant deviation prism into a spectrum and thrown on a screen provided 
with a variable slit. The required wavelength of monochromatic light could 
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be obtained by turning the drum head of the wavelength scale. The width 
of the monochromator slit was about half a millimetre, giving beams 20 to 
@A.U. broad in the blue and 70 to 200 A.U. broad in the yellow regions 
of the spectrum. 


Excitation Curves of Luminescence in Diamond 


The image of the monochromator slit was condensed on the diamond by 
a short focus lens and the fluorescent light from the diamond focussed by a 
cylindrical lens on the slit of a Zeiss three prism spectrograph. The spectra 
were recorded on Ilford HP, plates using the short focus camera attachment, 
since this gave high light gathering power with sufficient dispersion in both 
the blue and the yellow. All the experiments were carried out at room 
temperature. 


3. THe 4152 System 


N.C. 68 (D223) an intensely blue fluorescent diamond, which shows 
no trace of yellow luminescence was used to investigate the 4152 system. 
Beams of approximately monochromatic light of wavelengths varying from 
6,500 to 3,700 A.U. were allowed to fall on the diamond by turning the 
drumhead of the monochromator, and a series of eighteen spectra were 
photographed with identical exposures of twnety-four hours each. Fluores- 
cence was found to be entirely absent for all wavelengths of light longer 
than 4400 A.U. For shorter wavelengths the crystal exhibited very weak 
fluorescence which gained rapidly in intensity as the principal electronic 
line at 4156 was approached and reached a maximum when the wavelength 
of the excitation band coincided with 4156. The fluorescence again became 
weaker on crossing over to 4120 A.U., but continued to be excited for shorter 
wavelengths, the intensity of luminescence decreasing with decreasing wave- 
length of excitation. The luminescence intensity did not, however, diminish 
gradually but exhibited alternate maxima and minima, the intensity of excita- 
tion being maximum at the wavelengths of 4045, 3950 and 3850 A.U. and 
minimum for 4095, 3990, 3910 and 3810 A.U. Fluorescence was found to 
persist for excitation wavelengths as short as 3700 A.U. The lower limit 
of excitation could not however be determined because of the difficulties of 
working in the ultraviolet region without the help of a sufficiently powerful 
monochromator. 


The effect of different excitation wavelengths on the intensity of the 4152 
system is illustrated in Fig. 1, Plate XX, where twelve of the series of 
spectra obtained for N.C. 68 are reproduced. The highly exposed bands 
Tepresent the excitation wavelengths. These range continuously from 4340 
to 3810 A.U., and their wavelengths are recorded beside each spectrum. 
The fluorescence spectrum, which may be easily recognised, consists of 
A4 
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the principal electronic band at 4156 and the subsidiary bands and cop. 
tinuum which extend to 6500 A.U. The resonance effect at 4156, the 
intensity maxima at 4045, 3950 and 3850 and the minima at 4120, 4095, 
3990, 3910 and 3810 are readily noticed. 


The relative intensities of blue fluorescence for excitation wavelengths 
between 4415 and 3810 A.U. were measured microphotometrically and 
plotted against wavelength as abscisse on an arbitrary scale of 20. The 
excitation curve thus obtained for the 4152 system is reproduced in Fig, 2, 


Intensity of Absorption 


Intensity of Luminescence 


3700 3800 3900 4000 4100 4200 4300 4400 4500 
Excitation Curve for the 4152 System 
Fic. 2 


the upper curve representing the 4152 system in absorption at room tempe- 
rature. It will be immediately noticed that the two curves exhibit remark- 
ably similar features. The absorption spectrum consists of discrete bands 
with mean wavelengths at 4156, 4045, 3950, 3850 and 3760 A.U., absorp- 
tion for intermediate wavelengths being absent. The excitation curve 
exhibits corresponding maxima and minima at these same wavelengths. 
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The intensity of fluorescence is maximum for 4156 and variations in lumi- 
nescence intensity for shorter wavelengths closely follow those of the 
subsidiary absorption bands. The intensity of blue luminescence for a parti- 
cular excitation wavelength is thus seen to be roughly proportional to the 
intensity of absorption at the same wavelength. 


In spite of the general resemblance between the two curves a few notable 
differences are also present. Firstly, the intensity of fluorescence for excita- 
tion wavelengths of 4120, 4095, 3990, 3910 and 3810 is not as small as one 
would expect from the absorption spectrum. This probably is due to the 
finite width of the illuminating beam used and the diffuseness of the absorp- 
tion bands themselves at room temperature. By using narrower excitation 
bands and cooling the crystal to liquid air temperature the excitation curve 
should exhibit sharper maxima and minima which conform more closely to 
the absorption curve with regard to both width and intensity. It is proposed 
to take up the study of the excitation curve at low temperatures later. 


Secondly, the intensities of the successive maxima in the two curves are 
not the same. While the 4045 and 3950 bands in absorption are of equal 
intensity the fluorescence excitation by 3950 is much weaker than that at 
4045. It should however be remembered that in giving identical exposures 
for the different wavelengths with reference to time, no allowance was 
made for the variable distribution of energy in the spectrum of the white 
light used. Though the spectrum of the incandescent lamp is perfectly 
continuous, its intensity shows a gradual decrease with diminishing wave- 
length. The intensity of an illuminating beam at 3950 would be much 
smaller than that at 4045. The rapid decrease in fluorescence intensity with 
decreasing wavelength might also arise from the smaller probability of 
excitation for wavelengths distant from 4152. 


Finally, wavelengths longer than 4152 by as much as 200 A.U. are 
capable of exciting the diamond to luminescence. Small transgressions of 
Stokes’ law are possible if the crystal lattice possesses energy of vibration at 
the time of excitation to a higher electronic state. A return transition from 
this level to a level lower than the original one is then possible resulting in 
the emission of a frequency higher than that of the exciting band. In solids 
the probability of this occurring is not high since the excited atoms are apt 
to transfer at least that part of the absorbed energy which is vibrational to 
neighbouring atoms in the form of heat motion before light emission takes 
place. A more likely cause of antistokes excitation is the transference of 
heat energy from the surrounding atoms to the fluorescing atoms during the 
time it stays in the excited state. As Nayar (1941) pointed out it might also 
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arise from diamond phosphorescence. In any case, it would decrease 
rapidly in intensity in passing from 4152 to longer wavelengths and should 
disappear at low temperatures. The former is actually observed to be the case. 


An interesting result worthy of note is that while variations in the wave- 
length of excitation cause remarkable changes in the intensity of fluorescence, 
they have no effect on the colour of the fluorescent light. In other words, 
the position of the maxima of the fluorescence spectra in blue luminescent 
diamonds is independent of the exciting wavelength. 


The existence of resonance radiation for the 4152 band is illustrated in 
a different but more direct fashion in Fig. 3, Plate XX, where the fluores- 
cence spectrum of N.C. 70 (D32) at liquid air temperature is reproduced. 
The crystal was held edgewise and the fluorescent light excited by ultra- 
violet radiation from a carbon arc, had to traverse the whole length of the 
crystal (11-5mm.) before being caught by the lens. Only the principal 
band of the 4152 system undergoes absorption in the process. And as will 
be noticed in the spectrum only the centre or core of the 4152 band is re- 
absorbed. Wood (1934) has reported similar observations in the re-absorp- 
tion of resonance radiation by sodium and mercury vapour. 


4. Tue 5032 System 


The intensely yellow luminescent diamond N.C. 41 (D13) was employed 
for the sudy of the 5032 system. A series of twenty-eight spectra was 
obtained for this crystal, the wavelengths of excitation ranging from 6500 to 
3700 A.U. The fluorescence for wavelengths shorter than 4300 A.U. was 
so weak that longer exposures had to be given for these excitation wave- 
lengths in order to record the spectra with any intensity. Eleven of the 
spectra obtained with identical exposures of twelve hours each and excita- 
tion wavelengths ranging, continuously from 6200 to 4480 A.U. are repro- 
duced in Fig 4, Plate XXI. No trace of yellow luminescence was found 
to be present for excitation wavelengths above 5200 A.U. For shorter 
wavelengths the crystal exhibited feeble fluorescence which brightered up as 
the excitation band approached 5038 and reached a maximum of intensity 
when it coincided with the principal electronic line. The fluorescent 
intensity did not diminish for wavelengths immediately below 5038. the 
intensity of luminescence for 4940 remaining as high as at 5038. The 
fluorescence gradually weakened afte: 4800, but was found to persist for 
wavelengths as short as 3700 A.U. 


The relative intensities of yellow luminescence for different excitation 
frequencies were determined microphotometrically and plotted against wave- 
jength as abscisse on an arbitrary scale of 20. The excitation curve for 
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the 5032 system thus obtained is reproduced in Fig. 5, the upper curve corres- 
ponding to the absorption spectrum at room temperature. The two curves 


Intensity of Absorption 


4500 4600 4700 4800 4900 5000 5100 5000 
Excitation Curve for the 5032 System 
Fre, 5 


Iatensity of Luminescence 


as will be noticed, show a general resemblance to each other. The inten- 
sities of fluorescence and absorption are a maximum for 5038 and _ this 
indicates the existence of a resonance effect for the principal electronic fre- 
quency at 5038 A.U. The resonance radiation is, however, not so marked 
as for 4152. This discrepancy might possibly disappear if the excitation 
curve for the 5032 system is studied at low temperatures using narrower 
excitation bands. 


For wavelengths shorter than 5038, the two curves exhibit a gradual 
decrease in intersity with decreasing wavelengths and variations in the 
intensity of fluorescence are found to follow more or less closely variations 
in the intensity of absorption. The absence of any maxima or minima, the 
differences in intensity for succeeding wavelengths and the presence of 
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antistokes excitation in the excitation curve are the observed discrepancies 
between the two curves, which as in the case of the 4152 system probably 
arise from the finite width of the excitation band, the variable distribution 
of energy in the spectrum of the incandescent lamp and the weaker excitation 
of fluorescence by wavelengths distant from 5038. 


It was observed by Nayar that in blue fluorescence the entire system js 
fundamentally related to the principal band at 4156 A.U..and that the 4156 
band is the “ head” of the system. In the 5032 system, the almost complete 
disappearance of the entire system of bands for wavelengths longer than 
5038, the resonance effect when illuminated by light of wavelength 5038 and 
the close correlation between the excitation curve of luminescence and the 
absorption spectrum demonstrate the fundamental dependence of the 5032 
system on the principal electronic frequency at 5038 A.U. 


The colour of yellow luminescence is independent of the wavelength 
of the exciting light for excitation wavelengths longer than 4152. Shorter 
wavelengths are, however, capable of bringing about a slight change in the 
colour of yellow fluorescent diamonds. This is dealt with in detail in the 
next section. 


5. RELATION BETWEEN THE 4152 AND 5032 SysTEMs 


The question whether the resonance excitation of one system by an 
excitation band coinciding with its principal electronic frequency will induce 
the other to luminescence is of fundamental importance. Nayar (1941) in 
his study of the excitation of the phosphorescence spectra of diamond by 
light of different wavelengths reported that the faint part of the spectrum 
between 5050 and 6500 A.U. does not share in the rise of intensity which the 
blue region exhibits when the excitation bands have wavelengths equal to 
or less than 4152. The present investigation shows that this is a general 
result valid for all diamonds exhibiting the 4152 and 5032 systems in fluores- 
cence and that the excitation of one system is entirely independent of the 
other. It must be mentioned that in blue luminescent diamonds like N.C. 68, 
the resonance excitation of the 4152 system will cause a corresponding 
increase in the intensity of the continuous part of the 4152 system from 
4900 to 6500 and that this is entirely unrelated to the 5032 system. 


Diamonds N.C. 41 (D13) and N.C. 43 (D15) were employed in the im 
vestigation of the effect of the resonance excitation of the 4152 system on 
the 5032 system. The reverse, viz., the excitation of the 4152 system by 
the 5032 system is obviously impossible. Both systems are present in 
N.C. 41 and N.C. 43. In the former the 5032 system is the prominent 
feature of the spectrum, while in the latter both appear with comparable 
intensities. 
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It was reported in the previous section that all wavelengths between 
3700 and 5300 are capable of exciting the 5032 system to luminescence. On 
varying the excitation wavelength within this range, it was observed that the 
intensity of the 5032 system which decreases gradually with decreasing 
wavelength continued to do so independently of the excitation of the 4152 
system by wavelengths equal to or less than 4152. A series of three spectra 
obtained for N.C. 41 with excitation wavelengths of 4250, 4150 and 4060 A.U. 
showed that while there was a large increase in intensity of the 4152 system 
for the two latter wavelengths, there was no corresponding increase in the 
5032 system. For excitation wavelengths equal to and less than 4156 the 
two systems thus appear with comparable intensities. This naturally results 
jn a change in luminescence colour and causes the predominantly yellow 
fluorescent diamonds N.C. 41 and N.C. 43 to appear bluish yellow. 
Similar variations in fluorescence colour should occur in every diamond 
exhibiting both systems in luminescence. 


In conclusion, the author expresses her grateful thanks to Professor 
Sir C. V. Raman for his helpful interest and encouragement in this work. 


6. SUMMARY 


Using a monochromator, the effect of excitation by wavelengths 
varying from 3700 to 6500 A.U. on the fluorescence spectra of typical blue, 
yellow and blue-yellow luminescent diamonds has been studied. Excitation 
curves for the 4152 and 5032 systems have been obtained and they reveal the 
existence of resonance effects for the principal electronic lines at 4152 and 
5032 and a close correlation between the intensity of fluorescence excited 
by a particular wavelength and the intensity of absorption at the same 
wavelength. Stokes’ law is found generally to be valid but it is observed 
that both systems are capable of being weakly excited by wavelengths longer 
than the principal electronic frequencies. The two systems are excited 
independently of each other, the resonance excitation of the 4152 system 
having no observable efféct on the 5032 system. The colour of fluorescence 
is independent of the exciting wavelength, except for excitation wave- 
lengths equal to or less than 4152 in the case of yellow fluorescent dia- 
monds which then appear bluish-yellow. 
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